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Abstract

Raman spectroscopy (RS) is a label-free method based in the inelastic scattering of

laser-light and can be used non-destructively to provide a biomolecular fingerprint of

cells. Mesenchymal stromal cells (MSCs) are known for their heterogeneity and, unlike

other stem cells, lack a unique marker, thus compromising their application in regenerative

medicine. In this work, RS was investigated for its capacity to discriminate MSCs subpop-

ulations, whilst still providing markers of their function. The nuclei of four immortalised

clonal MSC lines, which express the same surface proteins, have contrasting di↵erentiation

capacities and were not totally discriminated by global gene expression analyses, were in-

vestigated. Air-dried and live cell experiments were performed, as well as the induction of

one cell line into ostegenesis and adipogenesis. Principal component, linear discriminant

and peak intensity ratio (PIR) analyses were performed. Relative di↵erences between

proteins and DNA/RNA peaks provided the discrimination of the undi↵erentiated MSCs

towards their di↵erentiation competence. Raman maps linked this discrimination with

di↵erences in the nuclear morphology of the cells. Total discrimination of the four cell

lines was also achieved by PIRs against DNA/RNA peaks. The discrimination of cell

sub-types was mainly driven by di↵erences in the relative intensities of DNA/RNA and

protein peaks suggesting fundamental biomolecular di↵erences in the nuclei of these cells.

An opposing behaviour between phenylalanine and lipid peaks provided Raman markers

that showed clear progression of the adipogenic di↵erentiation. During osteogenesis, the

MSCs formed mineralised nodules with an architecture similar to native human bone. The

RS investigation of these MSCs showed that the obtained Raman markers could be used to

predict di↵erentiation competence in undi↵erentiated cells and then, followed throughout

osteogenesis.
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Chapter 1

Introduction

This chapter explains the theory of the Raman e↵ect, setting the basis for its application

in biological and medical sciences. It also contains an introduction on mesenchymal stro-

mal cells and reviews the applications of Raman spectroscopy on the analysis of cells. In

this research, Raman spectroscopy is used for the characterisation and discrimination of

mesenchymal stromal cells, which are already being used in regenerative medicine. How-

ever mesenchymal stromal cells form heterogeneous populations and lack unique markers

of their di↵erentiation potential.

1.1 The discovery of Raman

In 1928 Sir Chandrasekhara Venkata Raman revealed to the world a new radiation using

nothing more than the sunlight from a heliostat, which had been concentrated into a

powerful beam using a 7” telescope objective [1]. He discovered that when a beam of

coloured light entered a liquid, a fraction of the light scattered by the liquid was of a

di↵erent colour. After testing 60 di↵erent types of substances he also demonstrated that

the nature of the scattered light was dependent on the type of sample [1].

In his early career C.V. Raman had specialised in the study of vibrations and sounds
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1.1 The discovery of Raman

of stringed instruments. However, in 1921 after a fifteen-day return trip from London

to Bombay he became fascinated by the deep blue colour of the Mediterranean sea, and

subsequently showed that this colour was the result of the scattering of sunlight by the

water molecules – the same argument that Lord Rayleigh used to explain the colour of the

sky [2]. C. V. Raman, obsessed with the light scattering phenomenon, started intensive

studies measuring the light scattered by liquids and solids in the Indian Association for the

Cultivation of Science [2]. His initial experiments were performed by visual observations

rather than wavelength measurements. These measurements consisted of using a violet

filter to isolate the violet light of the solar spectrum, which was then passed through a

liquid sample (Figure 1.1). Most of the scattered light had the same colour as the incident

violet beam – the Rayleigh scattered light. What C. V. Raman and his collaborator K.

S. Krishnan showed was that if a green filter (which is complementary in colour to the

violet filter) was positioned between the scattered light and the observer, a di↵erent colour

was isolated [1,2]. However, these initial visual observations were not enough to prove the

e↵ect. C. V Raman then used a pocket spectroscope and ultimately a quartz spectrograph

(Figure 1.2) to photograph the scattered light and measure its wavelength. Finally, he

published the quantitative results in the Indian Journal of Physics in 1928 [1]. For this

work he was awarded the Nobel Prize in Physics in 1930.
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1.1 The discovery of Raman

Figure 1.1: C. V. Raman’s initial experimental set-up. Schematics of the first visual

observations of the scattered light by Raman and his collaborator K. S. Krishnan, as

per [2].

Figure 1.2: C. V. Raman and the quartz spectrograph used to measure the wavelength

of the scattered light, as per [2].
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1.2 The origin of the Raman spectra

1.2 The origin of the Raman spectra

Figure 1.3: A plane-polarised electromagnetic wave, as per [3]. B and E are the magnetic

and electric electric fields, respectively, and � is the wavelength.

The Raman e↵ect is a result of the interaction between light and matter, involving the

inelastic scattering of light, which is usually observed in the direction perpendicular to the

incident beam. Therefore, to describe the origin of the Raman spectra it is necessary to

introduce concepts about electromagnetic radiation and how it interacts with matter.

Light is an electromagnetic wave consisting of an electric field (E ) and a magnetic field

(B), both perpendicular to each other (Figure 1.3). However, for the Raman e↵ect, only

the electric field component is involved.

In a wave, the distance between two points of the same phase is the wavelength (�),

which is commonly measured in units of nm (nanometer). The frequency (⌫) of a wave is

defined as the number of waves produced by the source in one second and it is measured

in hertz (Hz) such that

⌫ =
c

�

, (1.1)

where c is the speed of light (3⇥ 108 m/s) [3].

From the above expression, an important spectral parameter, the wavenumber ⌫̃, can

be obtained [3],

⌫̃ =
⌫

c

=
1

�

, (1.2)
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1.2 The origin of the Raman spectra

measured in cm�1 for spectroscopy measurements.

When a molecule interacts with an electromagnetic field, a transfer of energy to the

molecule will only occur if Bohr’s frequency condition is satisfied [3]. In other words,

�E = h⌫, (1.3)

where �E is the energy di↵erence between two quantised states and h is Planck’s con-

stant (6.63⇥ 10�34 m2kg/s). Therefore, the wavenumber ⌫̃ is directly proportional to the

transition energy [3].

The magnitude of �E depends on the origin of the transitions, which for the Raman

e↵ect originates from a vibrational change in state and accompanying change in polarisa-

tion of the molecule [3, 4]. According to classical theory, the strength of the electric field

(E) of the incident laser beam (⌫0), ranging from the ultraviolet (UV) to the near-infrared

region of the electromagnetic spectrum, can be written as

E = E0 cos(2⇡⌫0t), (1.4)

where E0 is the electric field amplitude and t is time. This electric field will perturb the

electronic charge distribution in the molecule, inducing a dipole moment P , with strength

determined by

P = ↵E = ↵E0 cos(2⇡⌫0t), (1.5)

where ↵ is the molecular polarisability [3, 4].

For a diatomic molecule vibrating at frequency ⌫
m

, the atomic displacement q away

from equilibrium is

q = q0 cos(2⇡⌫mt), (1.6)

where q0 denotes the vibrational amplitude of the molecule. ↵ can be approximated to

the linear function for small displacements, q,

↵ = ↵0 +

✓
@↵

@q

◆
q (1.7)
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1.2 The origin of the Raman spectra

where ↵0 is the polarisability at the equilibrium position [3].

Combining Equation 1.5 and 1.7, the induced dipole moment becomes

P = ↵0E0 cos(2⇡⌫0t) +

✓
@↵

@q

◆
q0E0 cos(2⇡⌫0t) cos(2⇡⌫mt). (1.8)

By further use of the trigonometric formula for the product of two cosine functions

(Appendix A, equation A.1.1) Equation 1.8 is re-written as

P = ↵0E0 cos(2⇡⌫0t) +
1

2

✓
@↵

@q

◆
q0E0 [cos{2⇡(⌫0 + ⌫

m

)t}+ cos{2⇡(⌫0 � ⌫

m

)t}] . (1.9)

The first term in Equation 1.9 corresponds to Rayleigh (elastic) scattering processes

resulting from an oscillating dipole that radiates light with the same incident frequency

⌫0. The other two terms represent the inelastic light scattering that contains information

about the molecular system due to its dependency on ⌫
m

, or in other words, the Raman

scattering [3, 4]. Specifically, the second term, which is the anti-Stokes scattering, is

characterised by the frequency shift ⌫0+⌫m and represents emitted radiation that is blue-

shifted with respect to the incident beam [3,4]. The third term, results from the frequency

shift ⌫0 � ⌫

m

, that occurs when the radiation emitted by the induced dipole moment is

red-shifted with respect to the excitation frequency, i.e., the Stokes scattering [3,4]. Thus,

the peak positions in a Raman spectrum correspond fundamentally to a frequency shift

from the incident laser beam frequency (⌫0) due to the molecule vibrational frequency (⌫
m

(Figure 1.4a) [3].

Rayleigh and Raman scattering events are illustrated in Figure 1.4, where the thickness

of the arrows represent the intensity of the scattering. In Rayleigh (elastic) scattering the

photon absorption causes a transition from the ground state (E0) into a virtual excited

state, the de-excitation of the molecule results in the emission of a photon with the same

incident frequency (⌫0) [5]. In Raman (inelastic) scattering the emitted photon results

from a transition from a virtual state to the ground state (anti-Stokes) or to the first
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1.2 The origin of the Raman spectra

(a) (b)

Figure 1.4: Rayleigh, Stokes and anti-Stokes scattering. (a) Raman spectrum of CCl4

(using 488.0 nm excitation laser) showing the Rayleigh, Stokes and anti-Stokes scattering,

as per [3]. (b) Energy level comparisons for the Rayleigh and Raman scattering. The

width of the arrows represent the intensity of the scattering. Rayleigh scattering has the

same frequency of the incident beam and is stronger, while Raman scattering are weaker

and have the same vibrational frequency from the probed molecule.

excited vibration state (Stokes) of the molecule [5]. The virtual states are not stable and

also not real states of the molecule. They are created from the polarisation caused by the

interaction of the laser with the electrons in the molecule; thus, the energy of these states

is determined by the frequency of the laser source used [6].

Anti-Stokes scattering has a reduced intensity relative to the Stokes scattering due

to there being a much large population of molecules in the ground state E0 than in the

first excited state, E1 via the Maxwell-Boltzman distribution [3]. This is further detailed

in Subsection 1.2.1, where the classical description of the Raman e↵ect is compared to

the view of quantum mechanics. Because the Stokes lines are more intense than the

anti-Stokes lines, it is common to measure only the Stokes side of the spectrum. Figure

1.4(a) shows the Raman spectrum of CCl4 clearly illustrating the Rayleigh, Stokes and

anti-Stokes scatterings.

Another very popular technique, that is not to be confused with Raman spectroscopy, is

infrared (IR) spectroscopy. In IR spectroscopy, the molecule absorbs energy �E from the
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1.2 The origin of the Raman spectra

IR source causing a change in vibrational state and dipole moment, as opposed to Raman

spectroscopy where light ranging from UV to near IR causes a change in vibrational

state [3, 5].

1.2.1 Classical versus quantum mechanics description of the Raman ef-

fect

Both classical and quantum mechanical interpretations of the Raman e↵ect are based on

the relation between the electric field E and the induced dipole moment P [7]. Thus,

to compare classical and quantum mechanics interpretations, the vibration of a diatomic

molecule will be considered for both treatments.

The harmonic oscillator model, derived from the classical mechanics, is a useful start

point to better understand the molecular vibrations responsible for generating the charac-

teristic bands observed in a Raman spectrum. Thus, a diatomic molecule with two masses

m1 and m2 is considered. The chemical bond is classically regarded as a massless spring

of force constant K, where x1 and x2 are the displacements of each mass from the equi-

librium and r1 and r2 are the distances from the centre of gravity (C.G.) for each atom

(Figure 1.5).

Figure 1.5: Schematic of a diatomic molecule. The masses m1 and m2 are positioned at

distances r1 and r2 from the centre of gravity (C.G.), where x1 and x2 are the displacements

of each mass from the equilibrium, as per [3].

30



1.2 The origin of the Raman spectra

In this system, although both atoms oscillate with di↵erent amplitudes, they share

the same frequency, with both masses passing simultaneously through their equilibrium

positions. Since the amplitudes are inversely proportional to the atom masses, the C.G.

is kept stationary. Thus, the conservation of the centre of gravity requires the following

relationships:

m1 r1 = m2 r2, (1.10)

m1(r1 + x1) = m2(r2 + x2). (1.11)

Since the chemical bond is considered as a massless spring obeying the Hooke’s law,

the restoring force is expressed as

f = �K(x1 + x2). (1.12)

Finally, combing Equations 1.10, 1.11 and 1.12 and using Newton’s equation of motion

(f = m

d

2
x

dt

2 ), the following equation is obtained:

m1m2

m1 +m2

✓
d

2
x1

dt

2
+

d

2
x2

dt

2

◆
= �K(x1 + x2), (1.13)

which can be re-written as

µ

d

2
q

dt

2
= �Kq, (1.14)

where µ is the reduced mass and q is the displacement [3]. The solution of this di↵erential

equation is Equation 1.6, which has been used to describe the classical origin of the Raman

e↵ect in the previous Section 1.2. Thus, for the harmonic oscillator, the displacement of

the two atoms as a function of time varies periodically as a sine (or cosine) function [5].

Therefore, the classical vibrational frequency for the system can be described as [3, 5]

⌫ =
1

2⇡

s
K

µ

. (1.15)
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1.2 The origin of the Raman spectra

This shows that the frequency (or wavenumber) of the diatomic oscillator depends on

the force constant K, which is a function of the bond energy between the two atoms, and

on the atomic masses of the two atoms involved in the vibration. However, this diatomic

harmonic oscillator is not an appropriate description for larger molecules, which have a

more complex nature of vibration [5].

For the classical diatomic harmonic oscillator the potential energy (V ) is given by

V =
1

2
Kq

2
, (1.16)

which determines a quadratic dependence between the potential V and the displacement

q [3,5]. Therefore, a plot of V against q is a parabola that is symmetric to the equilibrium

distance between the two atoms.

From the quantum mechanics perspective, the diatomic molecule can be treated as a

motion of a single particle, with mass µ and potential energy expressed by Equation 1.16.

For this system, the Schrödinger equation is written as [3]

d

2
 

dq

2
+

8⇡2µ

h

2

✓
E � 1

2
Kq

2

◆
 = 0. (1.17)

Considering that  is single-valued, finite and continuous, the eigenvalues for the

Schrödringer equation are

E

i

= h⌫

✓
�

i

+
1

2

◆
, �

i

= 0, 1, 2, . . . (1.18)

where ⌫ is the classical vibrational frequency (Equation 1.15) and �
i

is a quantum number

that can only have integer values [3, 5]. Thus, from the quantum mechanics description,

it is know that molecules can only exist in quantised energy states, meaning that the

vibrational energy is not continuously variable and only assumes discrete values.

Figure 1.6a shows the vibrational levels for the quantum mechanical oscillator, along

with the probability functions for the internuclear distance x

e

within each energy level.
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1.2 The origin of the Raman spectra

These distances (x
e

) are expressed as probabilities due to the Heisenberg’s uncertainty

principle, which states that during a vibration it is not possible to know both the position

and mass.

When both, classical and quantum treatments are compared, several marked di↵erences

arise. For the classical description, the total energy E is zero when q is zero. Conversely,

for quantum mechanics, the lowest energy state (i.e., � = 0) has the energy of 1
2⌫, which

results from Heisenberg’s uncertainty principle [3]. While in classical mechanics the energy

of this system can change continuously, in quantum mechanics it can change only in units

of h⌫. Another di↵erence, is that the vibration in confined within the parabola of the

potential energy in classical mechanics, whilst in quantum mechanics, the probability of

finding q outside the parabola is not zero (Figure 1.6a) [3].

A more realistic description introduces the anharmonicity (Figure 1.6b), which is the

result of a dipole moment that is not linearly proportional to the nuclear displacement

coordinate. The energy for the anharmonic oscillator is given by
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where ⌫
e

is the frequency corrected for the anharmonicity and �
e

⌫

e

indicates its magnitude

[3, 5].

The deviation of the anharmonic oscillator from the harmonic oscillator becomes

greater as the vibrational quantum number increases and the separation between ad-

jacent levels becomes smaller for higher vibrational levels until a dissociation limit is

reached [5]. For the harmonic oscillator only transitions to adjacent levels (fundamen-

tal transitions, i.e., �� = ±1) are allowed, while for the anharmonic oscillator, overtones

(�� = ±2,±3, . . . ) and combination bands are also weakly allowed by selection rules [3,5].

Among the �� = ±1 transitions allowed, the � = 0 to � = 1 is the most strong,

as expected from the Boltzmann distribution law, for which the population ratio of both
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1.2 The origin of the Raman spectra

(a) harmonic oscillator (b) anharmonic oscillator

Figure 1.6: (a) Vibrational levels for the quantum mechanical oscillator showing the

probability functions for the internuclear distance x within each energy level. (b) An-

harmonic quantum oscillator, which is a result of a dipole moment that is not linearly

proportional to the nuclear displacement x

e

. D
e

and D
o

are respectively the theoretical

and spectroscopic dissociation energies. Both figures are reproductions as per [5].

levels is given by

P

�=1

P

�=0
= e

��E/kT

, (1.20)

where �E is the energy di↵erence between the two states, k is the Boltzmann’s constant

(1.3807 ⇥ 10�23 J/K), and T is the absolute temperature [3, 6, 8]. Therefore, at room

temperature, and prior to the interaction with the laser, most molecules are likely to be

in the ground vibrational state, thus explaining why the Stokes scattering is more intense

than the anti-Stokes, as previously illustrated in Figure 1.4 [3, 6, 7].

Since the intensity of the anti-Stokes Raman scattering depends on population of the

first excited state, the intensity ratio between anti-Stokes and Stokes scattering is given

by the ratio of occupancy in both levels [6–8],
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This equation also allows the determination of the sample temperature. However, in order

to do so, the Stokes and anti-Stokes intensities have to be transformed into absolute values

and correct with respect to the spectral sensitivity of the spectrometer [8].
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Finally, the intensity of the Raman scattered radiation I

R

is given by
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where ⌫0 is the frequency of the exciting laser, I0 is the incident laser intensity, N is the

number of scattering molecules in a given state, ↵ is the polarisability of the molecules

and q is the displacement (vibrational amplitude) [5]. This indicates that the Raman

intensity depends on the laser frequency and varies with the fourth power of the observed

frequency [5, 7]. The ⌫4 factor is derived from the classical description of scattering from

an oscillating induced dipole [7].

1.3 Applications of Raman spectroscopy

1.3.1 General applications

Raman spectroscopy (RS) can be used in a non-destructive manner to access chemical and

structural information from a diverse range of materials and compounds. Initial applica-

tions of RS remained limited due to its weak signal and lack of sensitivity. However, with

improvements in instrumentation, such as the development of better excitation sources to

the advent of laser beams, spectrographs, holographic filters and charge-coupled devices

(CCD), RS can now be applied to a wide range of materials and samples, being used to

probe solids, liquids and gases [4, 9].

Due to minimal or no sample preparation requirements, RS has a wide range field of

applications, covering areas from solid state physics and material science to biomedical

and biological sciences [10]. In this vast range of applications, some examples include the

structural characterisation of semiconductors and superconductors [11], identification of

mineral phases and classification of rocks in mineralogy [12–14], analysis of fibres, drugs,

inks, paints and biological fluids in forensic sciences [11,15,16]. As well as the characteri-
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sation of archaeological artefacts (shell ornaments, pottery, ceramics) and bioarchaelogical

samples (bone, teeth, etc.) in art and archaeology [17–21].

Recently, RS has been employed in the diagnosis of diseases, mainly in cancer. It has

been used to compare noncancerous to cancerous human breast tissues [22], to identify and

grade prostate cancer [23], to study the changes in the lipid content in hormone-treated

breast and prostate cancer cells [24], and also to grade osteosarcoma cells [25]. RS was

also used to monitor and analyse the formation of lipid droplets in hepatocytes exposed

to lipolysis products [26]. RS has been coupled with optical micro-manipulations such as

laser tweezers and microfluidic systems to allow the manipulation and biochemical analysis

of biological particles in suspension [27]. Several probes have also been designed for fibre

optic Raman spectroscopy and used for in vivo diagnostics of di↵erent types of cancer [28].

RS is also used in pharmaceutical research for molecular-based drug discovery, for

designing drug delivery systems and also to assess the quality of finished products [29].

With such plasticity in applications and having weak scattering for water (in contrast to

the strong absorption su↵ered by IR spectroscopy [3]), RS is an ideal technique to be

applied in the fields of medicine and biology.

1.3.2 Probing cells with Raman spectroscopy

The Raman spectrum of a cell provides a biochemical fingerprint from which spectral

features can be identified and then correlated to the cell biochemistry. Applications of

RS applied to cells include cell phenotyping [23, 30–32], assessment of cell di↵erentiation

[33–37], identification of pathogens at the single cell level [38], monitoring population

changes [39], probing di↵erent stages of the cell cycle [40] and evaluating cell apoptosis

[41–44]. RS can be applied to live [31, 37,41], fixed or air-dried cells [45, 46].

RS can be used for imaging, providing spatial distribution of the biochemical species
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and cellular compartments [47,48]. It has been used to distinguish vesicles and organelles,

such as the nucleus, the endoplasmic reticulum and the Golgi aparatus, without the use

of labelling or staining [47, 49]. RS was used to show the subcellular organisation of the

cytoplasm, in particular the distribution of mitochondria [50], the spatial distribution and

chemical features of nucleoli [48] and to study apoptosis via mapping of the DNA and

protein distribution in apoptotic HeLa cells [43]. It has also been e↵ective in following the

uptake of drugs in the studies of drug delivery systems [50,51].

Due to the complexity of the spectra generated by cells multivariate techniques, such

as principal component analysis (PCA), linear discriminant analysis (LDA) and clustering

analysis, are used for data classification. RS along with PCA-LDA has been shown to

discriminate between lung cancer cells, lung epithelial cells and lung fibroblasts, with the

main spectral di↵erences between these cells residing in their nuclei [52]. Crow et al.

(2005) demonstrated that RS combined with PCA-LDA was able to discriminate between

prostatic adenocarcinoma cell lines of varying degrees of biological aggressiveness [32].

Most of the variance observed between the cell lines by Crow et al. were accounted by

di↵erences in nucleic acid peaks (721 cm�1, 783 cm�1, 1305 cm�1, 1450 cm�1 and 1577

cm�1), DNA phosphate backbone band (⇠1096) and unordered protein vibrations (1250

cm�1 and 1658 cm�1).

Another method used to discriminate between cells using RS involved peak ratios.

Huang et al. (2015) achieved discrimination of nasopharyngeal cancerous from non-

cancerous tissues by using either peak intensity ratios, or PCA-LDA analysis [53]. The use

of ratios between specific Raman spectral peaks was also used to determine the lipid com-

position of lipid droplets in hepatocytes [26] and in hormone-treated breast and prostate

cancer cells [24]. Furthermore, the intensity ratio between peaks related to unsaturated

lipids and total lipids in breast and prostate cell spectra has been proposed as a molecu-

37



1.3 Applications of Raman spectroscopy

lar marker for normal and tumour cells, indicating that RS combined with a ratiometric

analysis could also provide diagnostic markers [54].

RS is also able to discriminate between di↵erentiated and non-di↵erentiated embry-

onic stem cells (ESC). Chan et al. (2009) were able to discriminate the spectra of non-

di↵erentiated ESCs from their di↵erentiated cardiomyocites by applying PCA-LDA to the

spectra obtained [36]. A decrease in the magnitude of peaks correlated to nucleic acid

vibrations at 813 cm�1 and 788 cm�1 of di↵erentiated murine ESC in comparison to un-

di↵erentiated cells was noted by Notingher et al. (2004), who suggested the feasibility of

using RS to monitor di↵erentiation [55]. In another work, Notingher et al. (2004) used

PCA and ratios between the peak areas of nucleic acid and phenylalanine vibrations, re-

spectively at 813 cm�1 and 1005 cm�1, to measure mRNA translation with these being

used as markers for the di↵erentiation state of murine ESCs [56]. Schulze et al. (2010)

demonstrated that multivariate analyses were not required to discriminate undi↵erenti-

ated from fully di↵erentiated human ESC spectra, showing that protein to nucleic acid

intensity ratios could be used as indicators of the di↵erentiation state and type of di↵er-

entiation [33]. Therefore, it can be seen that inherent to the Raman spectra of single cells

are important information that can be used for detailed label-free cell discrimination and

classification.

The use of RS for single cell identification is an attractive complement to established

optical techniques. An increasing interest in using Raman-based applications was wit-

nessed in the last two decades, in particular, due to the capability of RS to probe molec-

ular signatures without the use of external labels [57]. Unlike techniques other methods

that employ the use of X-rays, gamma rays or UV light which are harmful to life pro-

cesses, spectroscopic methods employing visible or infrared light are deemed to be the

least harmful [58].
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Methods that make use of fluorescence probes and molecular stains, such as confocal

fluorescence microscopy and two-photon microscopy, are frequently used in the biological

sciences due to their powerful ability to reveal the inner workings of a cell [59]. Nowadays

there are many thousands of fluorescent probes conceived to provide a means of labelling

almost any aspect of a biological system, and the discovery of fluorescent gene products, in

particular green fluorescent protein (GFP), has allowed the tagging of protein components

of living systems, providing their visualisation [60]. However, considerable pitfalls for

fluorescence techniques include the di�cult delivery of labels, the issue that some labels

work only for dead cells, that they perturb the very processes they are intending to study

and also the barrier that exists with these methods su↵ering from a limited lifetime as a

result of photobleaching [57]. Techniques that require a dye or chemical label are frequently

questioned as to whether the dye interferes, or not, in the viability of the cells that are

studied, or whether the di↵usion of a receptor or a ligand is a↵ected by the presence of

the label [40].

The application of RS for the analysis of cells and tissues faces two major technical

limitations: (i) the integration time per spectrum is usually long due to the low sig-

nal produced by biological samples; and (ii) autofluorescence can easily overwhelm the

weak Raman signal [57]. Other techniques based on the Raman e↵ect, such as surface en-

hanced Raman spectroscopy (SERS) and surface enhanced-resonance Raman spectroscopy

(SERRS), try to overcome weak Raman scattering. However, these methods cannot be

considered totally label-free since they make use of the adsorption of molecules by the

substrate or dye molecules to enhance the Raman signal [4]. Other variations are the

coherent anti-Stokes Raman scattering (CARS) and stimulated Raman scattering (SRS),

which emerged in the recent years, but are used only for rapid chemical imaging of biolog-

ical samples [57]. Instruments that perform parallel acquisition from multiple points (line
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laser) introduced a high-speed hyperspectral Raman imaging method that can be used

to dynamically observe biological processes such as cell mitosis and apoptosis [61,62] and

the dynamical behaviour of specific molecules [63, 64]. Non-destructive Raman sampling

depends on the laser power, wavelength and acquisition time, with the laser power and

acquisition time being shown to cause drastic changes to the cell morphology [41].

Another di�culty concerning the application of RS for the analysis of cells is related

to the methods used for data analysis. First, most analyses lack a parameter that deter-

mines whether enough spectra have been collected from the cell population to accurately

represent it, with studies indicating that for point acquitisition anywhere between 5 to

50 spectra would be typical [65]. Some studies even combine live with air-dried datasets

in order to augment the number of obtained spectra [33]. This is a bad practice because

these spectra will reflect the biochemical di↵erences between the live and the dried cell.

RS studies have noticed a decrease in the intensity of DNA peaks in dead cells when

compared to the spectra of live cells [41, 44].

In general, data analyses of Raman spectra range from only performing peak identifi-

cations and then correlating them with the literature databases [34,41,66], to multivariate

methods as PCA, LDA and clustering analysis [31–33,36,67–69].

Peak identification may be inaccurate due to there being several biomolecule compo-

nents that may contribute to the same peak [70]. For multivariate analyses to be e↵ective

on low signal-to-noise data, often a broad range of data pre-processing methods, such as

baseline corrections, background removal, data smoothing and data normalisation (all of

which can alter the spectra) need to be applied [3, 4].

Another important consideration for data analysis is that Raman spectra cannot have

their peak intensities directly compared as this is dependent on several factors, such as the

amount of material at the focal point, how well defined the focal plane is, the polarisation
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direction of the laser relative to the sample, and also the conformational changes to the

molecules [4]. The use of data normalisation allows for spectral comparison, however,

normalising a cell’s spectrum to any of its internal components which change due to

cell type, cell lineage or even cell history, eliminates changes related to this constituent

and enhances others [33]. Furthermore, while PCA is useful for data classification and

illustrating the variation between samples, it does not reveal physically or chemically

interpretable information of the sample that can quantify biomolecular changes [70, 71].

In ratiometric analyses, the comparison of spectra by means of peak intensity ratios,

for example, circumvents the issue of directly comparing peak intensities from di↵erent

spectra, as well as provides biomolecular markers [72]. Although simple, ratiometric anal-

yses of Raman data carry limitations involving error-prone manual peak fitting, peak

de-convolution and assumptions regarding peak position, width and shape that have to

be made prior of the analysis [73, 74].

Thus, if experiments are executed avoiding cell autofluorescence or cell damage, and

if the chosen data analysis is carefully performed, RS holds an advantage over other

conventional methods due to label-free measurements reflecting the cell’s components. RS

can then be used to perform cell discrimination and classification or to monitor changes in

the cell biochemistry during di↵erentiation as justified by the vast amount of supportive

literature reviewed here.

1.3.3 Assessment of cell populations

Cell populations that carry genetically identical cells can sometimes display some degree

of heterogeneity by behaving di↵erently to the same controlled environmental conditions.

Identical cells might become di↵erent when they encounter di↵erent environment condi-

tions, which then induces di↵erent cell responses [75]. However, phenotypic changes can
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occur even in a controlled environment and these changes may be the result of asym-

metric segregation of intrinsic determinants during cell division, which will lead to dif-

ferent gene expression patterns [75]. Even clonal populations under controlled culturing

conditions have been shown to have some degree of heterogeneity, which emerges sponta-

neously [75] and can be noticed, for example, in di↵erent drug responses or transient drug

tolerance [76, 77].

A population that shows significant heterogeneity is the one of mesenchymal stromal

cells (MSC). These cells are isolated from adult and foetal tissues and can be induced to

di↵erentiate into linages of mesenchymal tissues, which include bone, cartilage and fat [78].

MSCs are most commonly derived from the bone marrow, forming heterogeneous popula-

tions that contain di↵erent levels of osteogenic (bone), adipogenic (fat) and chondrogenic

(cartilage) competent cells, as well as other types of stromal cells [79–81].

Heterogeneity can be routinely depicted using several experimental techniques in-

cluding microscopy, flow cytometry, electrophysiology, and global transcriptomic meth-

ods [82, 83]. Microscopy and flow-cytometry are nowadays essential tools for monitoring

heterogeneity; however, they usually make use of labelling dyes, relying on fluorescence

monitoring [83], and thus su↵er from the same issues previously discussed, such as fading,

photobleaching and chemical perturbation to the cell. Global genetic methods provide

information about specific genes whose expression levels can be used to determine het-

erogeneity; however, these methods are usually time-consuming, expensive and destruc-

tive [83].

The identification of the MSCs is often done by using a panel of non-specific cell

surface proteins which vary amongst research groups and may still result in heterogeneous

populations containing colony-forming and di↵erent di↵erentiation competent features,

suggesting the existence of other MSCs subtypes [84]. All population-averaged assays
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capture a population state and report how these states change in response to perturbations

[82]. However, population distributions that rely on data being averaged across thousands

or millions of cells in a sample, mask heterogeneity at the single-cell level by ignoring the

presence of rare or small subpopulations of cells [82, 85].

Since spectroscopic methods provide fine-inspection of intracellular information, they

can also be applied to characterise cell subpopulations and thus, provide information

about heterogeneity. These fine-inspections, combined with single-cell interrogation, can

show that for even seemingly identical cells phenotypic di↵erences are always present in a

population [82].

MSCs can be used as in vitro models for basic research and have been used in clinical-

trials of cell-based therapies for the treatment of chronic orthopaedic disorders, such as os-

teoarthritis and osteoporosis [86,87]. However, their application into regenerative medicine

is compromised by the inability to reliably characterise their subtypes using standard meth-

ods, such as cell surface markers or global genetic profiling [88]. Thus, they configure an

important candidate to investigate the ability of RS to perform subpopulation discrimi-

nation, providing information about MSC heterogeneity. More details about these cells,

their isolation and application are presented in the next section.

1.4 Mesenchymal Stromal Cells

Mesenchymal stromal cells (MSCs) were first identified by Friedenstein et al. (1968 and

1970) as a subpopulation of mouse and guinea pig bone marrow adherent cells capable of

colony formation, and with fibroblast-like characteristics in that they possess the capability

to di↵erentiate into osteoblasts (bone) [89, 90]. Originally named as colony-forming unit-

fibroblast (CFU-F), these cells were detected in human bone marrow in 1980 by Castro-

Malaspina et al. [91]. Caplan, in 1991, proposed that these were mesenchymal stem cells
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with the capability to di↵erentiate into all cells of mesodermal lineage [92], stimulating

their investigation for tissue regeneration. Their multilineage di↵erentiation capability

was proven by Pittinger et al. in 1999 who verified that expanded colonies derived from

single cells could be induced to di↵erentiate into osteoblasts (bone), adipocytes (fat) and

chondrocytes (cartilage) [78].

MSCs display a heterogeneous morphology with several di↵erent terms been used to

describe them, such as fibroblastoid cells, spindle shaped, flattened cells or very small

round cells [93]. Apart from the diversified morphology, human MSCs express not only

transcript characteristics of mesenchymal lineages, but also transcripts typical to endothe-

lial, epithelial and neuronal cell lineages [94]. Given that some cells in these fibroblast-like

plastic-adherent cultures have progenitor properties and display multipotent di↵erentia-

tion capacity, whereas others are totally devoid of this ability [93], it was clear that these

were very heterogeneous populations and a convention in their nomenclature, as well as

in the criteria adopted for their identification, was soon proposed.

Horwitz et al. (2005) suggested that these cells, regardless of the tissue from which

they were isolated should be termed multipotent mesenchymal stromal cells, while the

term mesenchymal stem cell should only be used for cells that met the specified stem cell

criteria – the ability to produce daughter cells (self-renewal) as well as di↵erentiate to

multiple phenotypes [95].

One year later, the Mesenchymal and Tissue Stem Cell Committee of the Interna-

tional Society for Cellular Therapy proposed three criteria to define human multipotent

mesenchymal stromal cells: firstly, the MSCs must be plastic-adherent when maintained

in standard culture conditions; secondly, the MSCs must express CD105 (endoglin, SH2),

CD73 (ecto-5’-nucleotidase) and CD90 (Thy1), and lack expression of haematopoietic

markers CD45, CD34, CD14 or CD11b, CD79↵ or CD19 and HLA-DR surface molecules;
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and thirdly, the MSCs must di↵erentiate to osteoblasts, adipocytes and chondroblasts in

vitro [96]. However, this list of conditions does not fully characterise the MSCs, which have

been noticed to be metabolically active, secreting a vast array of cytokines along with the

components of the extracellular matrix [97]. Other expression markers, complementary to

those proposed by the committee, are used for MSC enrichment [93], such as the CD271

(low-a�nity nerve growth factor receptor, LNGFR) [98] and the CD146 (melanoma cell

adhesion molecule, MCAM), envisaging the selection of MSCs that are clonogenic and

osteogenic in vivo [80,99]. Unlike haematopoietic stem cells (HSCs), which have relatively

e↵ective cell surface markers for their isolation [93], MSCs lack recognised and widely

adopted markers.

Apart from bone marrow-derived cells, MSC-like populations have also been obtained

from adipose tissue, placenta, skin, umbilical cord blood, umbilical cord perivascular cells,

umbilical cord Wharton’s jelly1, dental pulp, amniotic fluid, synovial membrane2 and

breast milk [102]. Aside from MSCs, the bone marrow is also home to the HSCs, which give

rise to blood and endothelial cells. However, MSCs represent only 0.001% to 0.01% of the

population of cells in the bone marrow, being 10 fold less abundant than haematopoietic

stem cells [78]. Although the MSCs have been thought of as being the same general

population of cells regardless of the tissue of provenance, research has suggested that

their gene expression reflects the tissue of origin, indicating that MSC characteristics and

di↵erentiation potential may vary according to the source of tissue [94, 102–104].

Nowadays the term ’mesenchymal stem cell’, which was originally introduced referring

1A specialised tissue wrapped around the umbilical cord blood vessels, characterised by the presence

of cellular elements and extracellular matrix, with its primary function being to protect the umbilical

cord [100].
2The membrane that lines the ligament surrounding a freely movable joint. This membrane secretes

the synovial fluid that lubricates the layers of cartilage forming the articulating surfaces of the joint [101].
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to cultures of bone marrow stromal cells, was extended to non-skeletal tissues and is used

to denote cultures of fibroblastic cells from virtually every tissue or organ [105]. Bianco et

al. (2008) suggest that since CFU-Fs are present in other tissues beyond the bone marrow

their nomenclature should denote the specific tissue from where they were isolated, e.g.,

BM-CFU-F for those isolated from the bone marrow, AT-CFU-F for those isolated from

adipose tissue, etc. [106]. Recently, Bianco and Robey (2015) have suggested that the term

’mesenchymal stem cell’ should be replaced once there is no evidence that a stem cell with

the characteristics of embryonic mesenchyme, or with multipotency beyond the skeletal

lineages exists in postnatal bone marrow or in the postnatal organism [105]. They also

suggest that these bone marrow progenitors of skeletal lineages should be called skeletal

stem cells (SSC) [105]. This diversity of names therefore, clearly reflects the broad range of

characteristics that make the MSCs important for medical applications. In this thesis, the

studied cells are mesenchymal stromal cells derived from the bone marrow and the term

MSC is used throughout the methods and results chapter to designate them. However,

in the literature the term MSC is used regardless of the tissue of provenance, and when

possible the cells’ origin will be identified in the text.

1.4.1 Applications of MSCs in regenerative medicine

Regenerative medicine includes surgery, surgical implants, the use of biomaterial sca↵olds,

organ transplants and tissue engineering to manage chronic diseases or injuries in patients

whose own regenerative mechanisms have failed to do so; the field is centrally focused

on human cells, which may be somatic, adult stem cells or embryonic-derived cells [107].

MSCs are an attractive option for regenerative medicine as they remove the ethical issues

associated with the use of embryonic stem cells because they can be used for autologous

transplantation, which means that they can be isolated from the patient, expanded in
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vitro, manipulated and then infused into the same patient [86].

Apart from their trilineage di↵erentiation capacity, MSCs also have additional prop-

erties that aid tissue regeneration, such as the ability to secrete a wide range of growth

factors that have trophic e↵ects on surrounding cells, and the capacity to coordinate dif-

ferentiation in tandem with di↵erentiated and undi↵erentiated host cells [86]. MSCs also

have immunomodulatory properties and can act on both adaptive and innate immune

systems by suppressing T cells3, suppressing dendritic cell4 maturation, reducing B cell5

activation and proliferation, inhibiting proliferation and cytotoxicity of NK cells,6 and pro-

moting the generation of regulatory T cells [102]. All of these properties have attracted

the attention of clinical use for the MSCs, in particular for musculoskeletal diseases.

MSCs have been used for clinical trials targeting musculoskeletal diseases such as frac-

3Also known as T lymphocytes, these are cells from a population of lymphocytes that are the principal

agents of cell-mediated immunity. T cells are derived from the bone marrow and migrate to the thymus to

mature. Once matured they circulate between the lymph nodes and the bloodstream as naive T cells [101].
4One of the main types of antigen-presenting cell in the immune system, responsible for presenting

antigen to naive T cells and inducing them to become e↵ective components of the adaptive immune

response [101].
5Also known as a B lymphocyte, this cell is derived from stem cells in the bone marrow, but unlike T

cells do not mature in the thymus. In birds, this cell matures in the bursa of the cloaca – hence the name

B cell. Each B cell has a unique set of receptor molecules on its surface, designed to recognise a specific

antigen [101].
6Known as the natural killer (NK) cell, this cell type is a lymphoid cell that recognises and destroys

tissue cells infected with pathogenic organisms. These cells are of important early line defence against

infection, before more antigen-specific mechanisms of the adaptive immune response are mobilised by the

T cells. NK cells become activated in response to interferons, or the release of cytokines and bind to

target cells, releasing cytotoxic granules onto the surface of the target, which then penetrates the plasma

membrane and induces programmed cell death (apoptosis) [101].
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ture nonunions, avascular osteonecrosis7, osteogenesis imperfecta8, hypophosphatasia9 and

osteoarthritis [86, 87, 110], corresponding to 16% of the clinical studies started in the last

decade [111]. Musculoskeletal diseases are considered the most common cause of severe

long-term pain and physical disability and with an ageing population their incidence is

projected to substantially increase [112]. MSCs have also been investigated as a therapeu-

tic means towards multiple sclerosis10, Crohn’s disease11, systemic lupus erythematosus12

and renal transplantation [110].

Another application of MSCs derived from both adipose-tissue and bone marrow is

on animal models for Graft-versus-host disease (GVHD) – a complication that occurs

after stem cell or bone marrow transplantation, where the transplanted cells attack the

7A disease that results in the death of bony tissues, that are usually adjacent to a joint surface and are

enclosed by avascular cartilage. The disease is usually caused by the loss of blood supply [108].
8From the latin fragilitas ossium this disease is a congenital disorder of the connective tissue formation

that a↵ects bone, teeth and soft tissues, causing brittle bones that easily fracture. There are four types

of this disease with varying severity – the worst type being lethal at birth. Most types are inherited as

autosomal dominant characteristics [108].
9A metabolic disorder characterised clinically by defective bone mineralisation, caused by mutation in

the tissue-nonspecific isoenzyme of alkaline phosphatase [109].
10A chronic disease of the nervous system that a↵ects young and middle-aged adults. In this disease,

the myelin sheaths surrounding nerves in the brain and spinal cord are damaged, a↵ecting the function

of the nerves involved. The underlying cause of the nerve damage is still unknown, but an autoimmune

process may be involved [108].
11This disease is also known as regional enteritis and is named after Burril B. Crohn (1884-1983) a US

gastroenterologist. Crohn’s disease is a chronic inflammatory disease that usually a↵ects the ileum and

colon causing inflamed lesions that are rich in inflammatory cytokines and tumour necrosis factor ↵ [113].
12Also known by the acronym SLE, this disease is a chronic inflammatory autoimmune disease of the

connective tissue, a↵ecting skin and various internal organs. Typically, the disease forms the red butterfly-

shaped rash on the face and causes arthritis and progressive damage to the kidneys. Heart, lungs and

brain can also be a↵ected by progressive attacks of inflammation followed by the formation of scar tissue

(fibrosis) [108].
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recipient’s body. Application of MSCs resulted in an immunosuppressive e↵ect leading to

significant symptomatic improvement and prevention of GVHD [114,115].

MSCs have also being investigated for the therapy of ischemic injuries such as myocar-

dial infarction and cerebral ischemia. This application was driven by the fact that murine

bone marrow-derived MSCs were identified as the progenitors of cells with phenotypic

properties of cardiomyocites and neurons in in vitro studies [116, 117]. The potential for

MSCs to repair damaged cardiovascular tissue and act as a therapeutic approach for car-

diomyoplasty and infarction, together with their role in angiogenesis, has been reviewed

by Pittenger and Martin (2004). In this review it was highlighted that one of the greatest

attributes of MSCs is their potential to supply growth factors and cytokines for repairing

tissue, along with the fact that they appear not to be rejected by the immune system [118].

One critical issue that impacts the use of MSCs in research and in clinical medicine

is the paucity of information regarding how their di↵erent functional attributes are spec-

ified at the population level, a problem that is exacerbated by donor-to-donor and intra-

population heterogeneity [119]. Variability, not only amongst single-cell derived colonies,

but also within the same colony, have been observed with MSCs presenting wtih di↵erent

potentials for di↵erentiation and proliferation [120,121]. James et al. (2015) observed that

bone-marrow derived immortalised MSC clones expressing typical cell-surface antigens ex-

hibited contrasting trilineage di↵erentiation capacities [84]. Since MSCs lack unique cell

surface markers, clinical studies continue to use mixed stromal cells with unclear or un-

predictable di↵erentiation capacities [86].

Although there are established criteria for MSC selection amongst heterogeneous mix-

tures of primary cells, the idea that they will form a homogeneous population may be in-

correct. Studies have reported that extensively cultured MSCs in vitro showed decreased

capability of di↵erentiation, increased cell size, changes in the global gene expression profile
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and increased signs of cell age [93, 122–124].

The phenotypic and functional heterogeneity observed in primary cell cultures or clonal

populations is reflected in MSC’s cellular morphology, di↵erential marker expression and

variable di↵erentiation potential; it could be a result of alterations caused by ex vivo cul-

turing and in vivo heterogeneity and variable phenotypes that reflect the natural reper-

toire of these cells [93]. Even within a tissue such as bone marrow, there may be mi-

croenvironments wherein closely related or identical cells may express di↵erent surface

molecules [118].

This biochemical heterogeneity may have some biological benefits related to the func-

tion of the MSCs, which are involved in tissue repair and inflammation and could play

an important role in allowing the selection of the appropriate cell type for each extreme

situation, reflecting the complexity of the stromal systems in the bone marrow [93]. How-

ever, if the principal aim is to use MSCs for regenerative medicine, then this application

would rely on the expansion of progenitor cell populations whilst still preserving their

capacity for multipotent di↵erentiation. In this respect there is an importance placed

on characterising the MSC subtypes since this characterisation impacts their therapeutic

potency.

Studies cataloging the transcriptome13 of human MSCs showed that they express

transcripts of a diverse collection of proteins involved in the regulation of angiogenesis,

hematopoiesis, cell motility, neural activities and immunity and defence [94,119], reinforc-

ing the concept that a single cell is unlikely to have all these properties and that they may

be assigned to sub-populations.

MSCs need to be functionally defined and small di↵erences in surface markers may not

13The full complement of RNA transcripts of the genes of a cell or organism. It provides a ’snapshot’ of

the expression pattern of the cell’s genes [101].
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be su�cient to distinguish types or subpopulations of cells [118]. Therefore, the question

whether definitive markers for MSCs can be identified and more importantly, whether they

can predict the MSC function, is still open. Therefore, it is necessary to identify markers

that are related to their di↵erentiation potency, and this may reside in the use of other

methodologies, such as Raman spectroscopy.

1.5 Raman spectroscopy applied to MSCs

With its ability to obtain a biomolecular fingerprint of the analysed cell, RS is an emerging

technique to characterise a diversity of cells, including the characterisation of stem cells

and their di↵erentiation. When applied to MSCs, RS is extensively used to assess in vitro

osteogenic di↵erentiation due to its capacity to straightforwardly detect the characteristic

peak of hydroxyapatite (HA) [Ca5(PO4)3(OH)] in the cell spectrum [68,125].

Bone tissue consists of a carbonated hydroxyapatite-like mineral supported on a hy-

drated, collagen-rich protein matrix, thus RS uses the information from the phosphate

and carbonate vibrations to characterise the mineral formed during osteogenic di↵eren-

tiation [126]. The main hydroxyapatite vibrations observed in the Raman spectrum are

the PO3�
4 ⌫1 symmetric stretch ranging from 950 cm�1 to 964 cm�1, the PO3�

4 ⌫3 asym-

metric stretch between 1030 cm�1 and 1044 cm�1, and the CO2�
3 ⌫1 symmetric stretch

ranging from 1065 cm�1 to 1070 cm�1 [126–129]. RS also captures the vibrations of the

bone collagen matrix, with the major peaks being observed for proline (850–855 cm�1),

hydroxyproline (872–876 cm�1), amide III (1243-1270 cm�1), CH2 scissoring vibration

(1445-1450 cm�1) and amide I (1595-1720 cm�1) in the fingerprint region, and the CH

stretch (2800–3100 cm�1) in the high wavenumber region [126–129].

One of the first studies applying RS to analyse osteogenesis was performed by Pelled et

al. (2007), who compared engineered bone tissue from genetically modified MSCs, derived
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from bone tissue, and grown in vivo in the tight muscle of immunocompetent mice, with

the femoral bone adjacent to the transplantation site [130]. Although they had observed

very similar Raman spectra between implanted and native bones, their study did not focus

on following the osteogenesis process per se.

The first RS study to definitively monitor the di↵erentiation of human bone marrow-

derived MSCs into osteoblasts was performed by Chiang et al. (2008) [131]. They followed

the development of HA over the period of 7–21 days after the start of di↵erentiation, when

the MSC di↵erentiation status was confirmed by alizarin red S staining for calcium. Their

analyses were carried out with a 632.8 nm laser, focused through a water immersion lens,

on cells placed onto a quartz substrate and kept in a phosphate bu↵ered saline solution

(PBS). The first sign of mineralised bone nodules in the spectra was noticed between the

14th and 21st day of their analyses, with the most dramatic changes occurring in the region

around 960 cm�1, which is dominated by the symmetric stretching of phosphate groups,

including HA. However, other vibrations of the HA molecule, such as the phosphate ⌫3

asymmetric stretch and the CO2�
3 ⌫1 symmetric stretch were only observed at the 21st day.

With this work, Chiang and collaborators showed that the RS analysis of HA was a clear

and specific marker for monitoring the mineral deposition during osteogenic di↵erentiation.

By means of RS, the quality of the mineral deposited by the cells can be evaluated and

further compared to native bone via compositional measurements of the mineral-to-matrix

ratio, carbonate-to-phosphate ratio, and the mineral crystallinity [128]. The mineral-to-

matrix ratio (obtained from the division of the primary phosphate band, the PO3�
4 ⌫1

symmetric stretch at ⇠960 cm�1, by a matrix band, such as the amide I band at ⇠1654

cm�1 or the CH stretch at ⇠2940 cm�1) is indicative of the amount of mineralisation,

while the carbonate-to-phosphate ratio (CO2�
3 ⌫1 at ⇠1070 cm�1 against PO3�

4 ⌫1 at ⇠960

cm�1) provides insight into the biomolecular composition of bone, varying also with bone
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architecture, carbonate substitution of the apatite, age and mineral crystallinity [128,132].

Finally, the full width at half maximum (FWHM) measurement of the primary phosphate

band (PO3�
4 ⌫1) indicates the strength of bone and its dependence on the amount of

mineralisation, the degree of mineral crystallinity and changes in distribution of di↵erent

crystal sizes; a thinner FWHM is correlated to higher crystallinity [128].

Another quality measurement is the position of the hydroxyapatite PO3�
4 ⌫1 peak,

which indicates the type of calcium phosphate species present, categorising them into

three di↵erent band range frequencies. Disordered amorphous apatite from amorphous

calcium phosphate or from A-type carbonate-substitution (where carbonate is substituted

for hydroxide) has a band between 945 and 950 cm�1. B-type carbonate-substituted

apatite has a band from 955 to 959 cm�1, while the band for crystalline non-substituted

hydroxyapatite is between 962 and 964 cm�1 [129,133].

Gentleman et al. (2009) used RS, along with other microscopy techniques such as

transmission electron microscopy (TEM), scanning electron microscopy (SEM), together

with nanoindentation mechanical testing and staining assays, to compare the in vitro

mineralised nodules produced by cells (mouse embryonic stem cells – ESCs, neonatal cal-

varial osteoblasts and adult bone marrow-derived MSCs) to native bone [127]. However,

the analyses were focused only at 28 days after osteogenic induction. From the Raman

spectra of live cells, they observed that similarly to native bone, the nodules from the

osteoblasts and MSCs contained three distinct mineral environments: B-type carbonate-

substituted apatite, crystalline non-substituted hydroxyapatite and amorphous phosphate

species, all identified by the position of the primary phosphate band that ranged from 945

to 964 cm�1. All these mineral species together contribute to the bone’s function. In con-

trast, the ESC nodules were dominated by a single mineral factor, similar to synthetic HA

and failed to show the complex mineral interaction of the mineral species observed in the
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nodules from the osteoblasts and MSCs. Mineral-to-matrix and carbonate-to-phosphate

ratios contributed to these observations. However, they were obtained from band area

ratios, which are more susceptible to background correction errors than peak intensity

ratios [126].

Another work, although conducted on methanol fixed and air-dried human bone marrow-

derived MSCs, also showed that RS was able to reveal the presence of the previous men-

tioned mineral species throughout the di↵erentiation process, suggesting that the early

stages of osteogenic di↵erentiation of MSCs resembled endochondral ossification [126].

In general, the first sign of mineral deposition is observed after 14 days of the osteogenic

induction in the form of crystalline, non-substituted apatite [126, 131, 134]. However,

aggregated structures have been observed on day 12 [134], and the HA peak was detected

rising above the spectrum background as early as day three on mouse MSC lines [34], day

seven for human adipose-derived stem cells [68] and day nine for human bone marrow-

derived MSCs [35].

RS mapping was also demonstrated to more accurately show the mineralised nodule

distribution when compared to conventional staining assays, such as Alizarin red S [34],

and more recently, high-speed Raman imaging was used to follow the mineralisation pro-

cess of live murine osteoblasts for 24h at subcellular resolution [135]. Conventional Raman

imaging has also been used to examine how mechanical deformation a↵ects the bone ul-

trastructure [136], providing a correlation between biomolecular information and bone

failure. These works display the e�cacy of a non-destructive technique such as RS in

the monitoring and quality evaluation of the mineral products of the MSC osteogenic

derivatives.

RS has also been used to characterise adipogenic di↵erentiation, however not to the

same extent of osteogenic di↵erentiation, with few works being published on this subject
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to date, and mainly on adipose-derived stem cells (ADSC). Studies performed by Downes

et al. (2011) and Mitchell et al. (2015) revealed significant di↵erences in the spectra of

adipo-induced ADSCs, mainly characterised by the presence of very sharp peaks at ⇠1440

cm�1 and ⇠1654 cm�1 and an increased intensity for the peak at ⇠1305 cm�1. All of

these signatures related to vibrations of the CH2 and C=C bonds in the lipids present

in the lipid droplets formed during di↵erentiation [137, 138]. Another investigation, also

performed on ADSCs, but using CARS, revealed that the CH2 peak at ⇠2845 cm�1 could

also be used as an indicator of adipogenesis [139].

The adipogenic di↵erentiation of MSCs derived from the human bone marrow (or

SSCs as denoted by the authors) has been investigated with RS and CARS by Smus et

al. (2015) [140]. In their work, CARS was used to image adipogenesis from day 1 to day

14. The use of RS was restricted to the identification of the most suitable Raman band

for imaging lipids with CARS, which also resulted in the CH2 peak at 2845 cm�1 being

chosen due to its strong presence in the spectra. Interestingly, other lipid peaks, such as

those from the vibrations of the CH2 (⇠1440 cm�1) and C=C (⇠1654 cm�1) bonds were

only observed in the Raman spectra of the adipo-induced cells and not visualised in the

spectra of cells kept in basal media.

Although RS has had very important applications in assessing mineral nodules or in

indicating adipogenesis, it can be used to investigate other molecular changes throughout

the di↵erentiation process. There is however, a lack of studies on MSCs focusing on this

type of discrimination, with the majority of the literature investigating these types of

changes on embryonic stem cells. For example, Notingher et al. (2004) noticed that the

area of peaks assigned to RNA (813 cm�1) and DNA (786 cm�1) decreased 75% and

50% respectively, over 16 days of di↵erentiation for murine ESCs [55]. Another work

that compared di↵erentiated and non-di↵erentiated human ESCs identified that the peak
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intensity ratios of protein-related bands (757 cm�1) to nucleic acid bands (784 cm�1) were

e↵ective in discriminating their spectra [33]. A decrease in the intensity of DNA and RNA

bands (785, 811, 1090 and 1320 cm�1) was also noted in a live-cell RS study of human ESC

during cardiomyocyte di↵erentiation, providing discrimination between di↵erentiated and

non-di↵erentiated cells [36]. Glycogen was also found to contribute to the discrimination

between cardiomyocytes and non-cardiomyocytes [37,69]. All of these di↵erences between

di↵erentiated and non-di↵erentiated cells establish RS to have a high molecular specificity

that can be used towards a label-free method for cell characterisation and discrimination.

In order to ensure safe application of the MSCs in regenerative medicine, it is im-

portant to have these cells fully characterised and discriminated from other cell types

such as fibroblasts or di↵erentiation incompetent subpopulations. RS is a promising non-

destructive and label-free technique that could be routinely incorporated into the study of

these cells. Multivariate analyses of Raman spectra have provided discrimination between

human MSCs and ESCs due to di↵erences in DNA bands (780 and 1095 cm�1) [141]. Pud-

las et al. (2011) using multivariate analyses distinguished human bone marrow-derived

MSCs from fibroblasts due to major spectral baseline di↵erences attributed to specific

endogenous autofluorescence patterns [31]. Such fluorescence resulted from higher mito-

chondrial activity and was correlated to the higher proliferative capacity of the MSCs.

Fluorescence studies have also discriminated between normal and abnormal human bone

marrow-derived MSCs and ESCs due to apparent di↵erences in phenylalanine (1005 cm�1)

and protein (1158 and 1523 cm�1) peaks, as well as a convolved band that includes vibra-

tions of proteins, DNA/RNA and lipids (1450 cm�1) [30]. However, there are no studies

focusing on characterising the heterogeneity of MSCs, or identifying undi↵erentiated cells

markers linked to their potential to undergo di↵erentiation.

A better use of the MSCs in regenerative medicine requires the characterisation of their
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heterogeneity, highlighting the need to establish the means to identify sub-populations that

have contrasting di↵erentiation capacities, as standard methods, such as the expression of

surface proteins or global gene expression, are unable to provide this level of discrimina-

tion. The use of non-destructive techniques is also envisaged and it is here that Raman

spectroscopy can be applied to its full potential, from cell-type characterisation, through

to the assessment of the di↵erentiation products, and up to label-free cell imaging. How-

ever, to be used for this intent, RS needs to be rigorously and carefully performed, from

the execution of experiments to the data analysis.

1.6 Summary of research objectives

To address these limitations, this thesis proposes to use RS to characterise cells while

investigating cell population heterogeneity and identifying biomarkers that perform cell

discrimination MSCs. The research has been focused on the case of human bone marrow-

derived mesenchymal stromal cells, known for their population heterogeneity and lack of

unique cell surface protein expression markers for their identification.

Raman analyses of cells, in general, have lacked a means of determining and quantifying

if the amount of collected spectra represents the investigated cell population. Therefore,

one of the aims of this work is to develop a method for measuring the population hetero-

geneity thus, assessing the number of spectra needed to statistically represent such a cell

population. This was done by means of obtaining the convergence of the standard error

of the mean and standard deviation with an increasing number of collected spectra.

The use of RS for cell discrimination is limited becuase it is mainly used to com-

pare di↵erent cell types, e.g., di↵erentiated from non-di↵erentiated cells or normal from

abnormal cells, without a deeper investigation on the potential of RS to discriminate sub-

populations of cells. Thus, RS was applied to clonal lines of human bone marrow-derived
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MSCs that express the same panel of surface proteins, but have contrasting di↵erentiation

capacities. The aim is to characterise these cells whilst obtaining spectral markers for

their discrimination. The analysis of air-dried and live cells is assessed, followed by the

RS investigations of osteogenesis and adipogenesis.

The thesis has a method chapter, three results chapters and final conclusions. Chapter

two describes the cell culturing methods together with their preparation for the Raman

experiments, which were performed on air-dried and live cells. This chapter also gives

details of the micro-Raman system used, the acquisition parameters and experimental set-

ups for the interrogation of cells. The data analyses by means of the convergence tests,

multivariate and univariate analyses are also detailed in this chapter.

The aim of Chapter three is to verify the capability of RS to discriminate the homo-

logue air-dried MSC lines whilst providing spectral markers linked to their di↵erentiation

competence. The identification of markers was done by means of the univariate ratiometric

analysis, i.e. the calculation of peak intensity ratios (PIR), with minimal interference of

pre-processing methods, since they can alter peak shape and intensity. These results were

then compared to the multivariate analyses, PCA-LDA. This chapter also presents the

convergence tests for the assessment of cell population heterogeneity and the examination

of cell morphology via spatially-resolved Raman maps.

On the other hand, Chapter four verifies the use of RS for the characterisation and

discrimination of the MSCs on live cell experiments. The viability of the interrogated cell

is assessed after a Raman measurement, with the spectra and biomarkers being compared

to those obtained from the air-dried cells. The analysis via PIRs was also checked against

PCA-LDA.

Chapter five focuses on characterising the osteogenic and adipogenic di↵erentiation.

For the osteo-induced MSCs, the aim is to reveal if RS can identify markers other than
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those related to the presence of hydroxyapatite. Parallel to it, the mineral content pro-

duced by the osteo-induced MSCs is assessed and compared to human and lamb bones.

Finally, as per the adipo-induced cells, the study is focused on characterising this di↵er-

entiation on MSCs, identifying the lipids stored in lipid droplets and revealing functional

spectral markers related to adipogenesis.
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Chapter 2

Methods

This chapter explains details of the micro-Raman system used, highlighting its main com-

ponents, the parameters that were chosen for data acquisition and their implication in

the obtained spectra. The experimental set-ups for air-dried and live-cell interrogation

are described, as well as the culture of MSCs, their osteogenic and adipogenic inductions,

along with their preparation for the Raman experiments. Staining assays performed on

these cells are also described in the chapter. The data analysis section describes the uncer-

tainties convergence tests that were used to evaluate if the averaged spectra represented

the studied cell population. This section also explains how the biomolecular markers

for cell characterisation were obtained from the ratiometric analyses and gives details on

the multivariate analyses performed, such as principal component and linear discriminant

analysis. Finally, the chapter also describes the methods for obtaining and generating the

spatially-resolved Raman images.

2.1 Micro-Raman spectroscopy

It was only in the 1990s that the Raman spectrometer was combined to an optical mi-

croscope, allowing laser light to be focused to a small spot of a few microns, and thus
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establishing the micro-Raman spectroscopy [4]. The use of a microscope lens increased

the collection e�ciency of the system due to its high numerical aperture (NA); however, if

used carelessly this assemble could cause heat damage to the sample as the light is focused

into a microscopic spot [4].

All Raman data acquisitions were performed using a HORIBA XploRA micro-Raman

system (Figure 2.1a). This equipment uses a 180� backscattering configuration, meaning

that the laser is delivered through the microscope lens and the scattered light is collected

back through it [6]. Figure 2.1b shows the typical 180� backscattered geometry, configu-

ration on an upright microscope. In this geometry, it is necessary to use some device to

separate the Raman-shifted backscattered light from the other wavelengths. This separa-

tion is done using an edge- or notch-filter that is designed to absorb all of the scattered

light that has the same frequency as the incident beam [4,6]. The HORIBA system used in

this research employs an edge-filter for separating the Raman from the Rayleigh scattering.

Micro-Raman systems often have adjustable components in the incident light pathway,

such as the neutral density filter and in the scattered light pathway between the objective

and the CCD detector, such as a pinhole (or hole), a slit and a di↵raction grating. Figure

2.2 shows a schematic of the components of the HORIBA XploRA micro-Raman system

that are present in the incident and scattered light pathways. All of these components

are detailed in the next sections of this chapter and were configured to avoid the fluores-

cence caused by the choice of laser, whilst still performing a non-destructive sampling and

providing good spectral resolution.

Raman spectroscopy has fluorescence as its natural opponent because the Raman scat-

tering signal is typically very weak due to the non-resonant interaction of the laser photons

with the sample molecules. Fluorescence is a resonant interaction of the light with the

electronic states of the sample, which can be six orders of magnitude higher in intensity
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(a) (b)

Figure 2.1: (a) HORIBA XploRA micro-Raman equipment and (b) system set up for

an upright microscope using the 180� backscattering geometry as per [6]. The photo-

graphic camera on the schematics represents the eyepiece and optical camera present in

the HORIBA XploRA equipment.

Figure 2.2: HORIBA XploRA micro-Raman system components present in the incident

and scattered light pathways.
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than the Raman interaction, therefore hindering the Raman signal [4, 6]. Many organic

samples show fluorescence when excited at the UV, blue or green regions of the spectrum.

Fluorescence can be avoided by selecting a wavelength that does not produce fluorescence

or by reducing the probed volume [4].

The laser used for the experiments in this research was a green Nd:YAG (neodyniun yt-

trium aluminium garnet) solid state diode-pumped laser (532 nm, ⇠7 mW). The Nd:YAG

laser is a four-level laser that can be pumped continuously to generate continuous wave

output at 1064 nm [7]. Nd:YAG lasers can also operate at 532 nm by using an intra-cavity

crystal to double a significant fraction of the light exiting the cavity; by this reason they are

also called frequency-doubled Nd:YAG lasers [3,7]. The e�ciency of the diode-pumping al-

lows the generation of several watts of output power for the 532 nm laser without the need

for external cooling water or special electrical power, producing compact laser heads [7]

The Raman scattering intensity is proportional to ⌫

4 (or to 1/�4), where ⌫ is the

frequency and � the wavelength of the excitation laser source [7]. Thus, even though a

green laser might cause some fluorescence when biological samples are probed, the 532 nm

laser was chosen because it produces a more intense Raman scattering.

2.1.1 Microscope objective and neutral density filter

A good microscope objective will allow the highest possible collection of the scattered light

together with the best spatial resolution (�x), which is the smallest resolvable distance

between two points [4]. This means that the ideal di↵raction limited objective will image

an Airy disk from an infinitely small object point (Figure 2.3a) [142]. The diameter of

the first Airy ring is also the laser spot size (d
l

) at the sample and it is generated by

destructively interfering, di↵racted wavefronts, and given by Equation 2.1 [142].

The resolvable distance between two points, or spatial resolution (�x), is determined
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by the Rayleigh criterion, which establishes that the centre of the Airy disk of the first

object occurs at the first minimum of the Airy disk of the second object [8, 143], as

exemplified by Figure 2.3b. The spatial resolution (�x) is given by Equation 2.2 [142].

d

l

=
1.22�

NA

, (2.1)

and

�x =
0.61�

NA

, (2.2)

where � is the wavelength of the excitation source and NA is the numerical aperture of

the microscope objective [142,144].

(a) (b)

Figure 2.3: Schematics for the Airy disk and spatial resolution. (a) Airy disks created by

an infinitely small object point and its intensity distribution. Image adapted from [142].

(b) The Rayleigh criterion for the spatial resolution establishes that the centre of the Airy

disk of the first object occurs at the minimum of the Airy disk of the second object. This

image was adapted from [8].
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Equations 2.1 and 2.2 represent the theoretical limited values for both the spatial

resolution and laser spot size. Thus, an objective with a high numerical aperture will

produce a smaller laser spot size, reducing the sampled volume, which also helps to avoid

fluorescence. The microscope objectives that were used in this research are listed in Table

2.1, along with their NAs and working distances.

The choice of microscope objective depends on the type of experiment being performed.

For this research two types of experiments were performed: analyses of air-dried cells and

analyses of live-cells; both experimental procedures are described later in this chapter,

in Section 2.3. For the air-dried cell analyses, the 100x (0.9 NA) lens was chosen. The

live-cell experiments were performed using the 63x (1.0 NA) dipping lens, which due to

its longer working distance, caused minimal disturbance to the cell layer. For both lenses,

the laser spot size generated by the 532 nm laser is ⇠0.7 µm.

With such a small spot size the laser power has to be chosen well-below the point

that leads to thermal decomposition of the sample. A useful measurement for the laser

power is the laser power density at the sample, which is measured in W/cm2. Although

the laser power density allows di↵erent experimental set ups to be compared regarding

the the laser power used, it is common that only the average laser power is disclosed. An

acceptable laser power density depends on the absorption properties of the sample and,

on its thermal and photochemical damage thresholds [7]. The laser power density at the

sample can range from values below 10 W/cm2 on macro samples to values higher than

Table 2.1: Microscope objectives for sample inspection used in this research. 1Water

dipping lens.

Objective Numerical Aperture (NA) Working distance (mm)

50x 0.75 0.38

63x dipping lens1 1.0 2.1

100x 0.90 0.21
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106 W/cm2 on microscopic samples [7].

Notingher et al. noticed morphological changes in cells irradiated for periods of 5 min

with 488 nm and 514 nm lasers at 5 mW laser power, when using a 0.9 NA lens [41]. Thus,

the laser power density at the sample, for their experiments, would be ⇠1.3⇥1010 W/cm2.

For transparent samples, the typical acceptable laser power for a green excitation is on

the order of 10 mW for a 300 nm laser spot size [4], which results in a laser power density

of 1.4⇥1011 W/cm2. Therefore, the acquisition time, laser wavelength, laser power and,

sampled area and volume have to be carefully chosen in biological experiments.

The use of a neutral density filter positioned between the laser and the objective lens

reduce the laser power intensity at the sample. The micro-Raman spectrometer used in

this research has the following filters available: 0.1%, 1%, 10%, 25%, 50% and 100%. A

100% neutral density filter allows full laser power at the sample. Thus, to reduce the laser

power and avoid sample damage, a 50% neutral density filter was chosen, reducing the

average laser power to ⇠3.5 mW. Considering that the laser spot size is ⇠0.7 µm, the

laser power density at the sample is ⇠9.2⇥109 W/cm2; therefore, smaller than the laser

power density obtained by Notingher et al and that caused morphological alterations in

the cells. The acquisition time used was 45 s over two repetitions, meaning that the cells

were exposed to the laser for a much shorter period, thus avoiding laser induced damage.

Spectra was acquired in real-time and the samples were visually inspected between every

spectrum collection.

2.1.2 Pinhole

As previously explained, the two most straightforward ways to reduce fluorescence are to

(i) select a laser wavelength in which the sample does not fluoresce, or (ii) reduce the

detection volume. However, it is not always possible to use a di↵erent wavelength and
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Figure 2.4: Schematic of a confocal pinhole as per [4], which shows that only the light

from the focal plane is allowed to pass through the hole, thus allowing confocal Raman

spectroscopy to be performed.

there are samples that will fluoresce regardless of the wavelength chosen.

A confocal detection setup limits the light collection to photons emitted only by the

focal plane, consequently it reduces the fluorescence background as well as Raman photons

[4]. This is done by introducing a pinhole (also referred to as hole) before the spectrometer

and detector. The system used for this research has the option to select di↵erent pinhole

sizes, thus by selecting smaller holes one can perform confocal Raman micro-spectroscopy.

The size of the hole is chosen so that only the central part of the focused laser can

pass through it and reach the detector. Therefore, avoiding any other photons emitted by

other focal planes (Figure 2.4). The hole size also a↵ects the intensity of the Raman signal

being collected as there is a physical barrier blocking the scattered light from reaching the

detector, therefore, its size has to be appropriately chosen depending on the sample. In

general, bulk sample analysis of non-fluorescent samples use bigger pinhole sizes than the

analysis of transparent thin samples. If the sample is a thin layer on top of a supporting
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substrate, the confocal setup allows the separation of the signal from the sample from the

background signal [4].

The limit size for the pinhole is related to the size of the Airy disk (Figure 3.6) as

projected onto the hole; thus, the smallest practical hole size is equal to the radius of the

Airy disk [145,146]. Even in di↵raction-limited instruments, smaller holes do not improve

the confocal setting and only reduce the amount of detected light [146].

The HORIBA XploRA system used has an adjustable pinhole located at the image

plan of the microscope with setting choices of 100, 300 and 500 µm. Thus, in order to

avoid photons emitted by other focal planes and perform confocal Raman spectroscopy,

the 100 µm hole was used for all Raman acquisitions.

2.1.3 Slit and spectrometer

The spectrometer disperses light by means of a di↵raction grating allowing the separation

of wavelengths, hence Raman shifts [7]. However, a slit at the entrance of the spectrometer

determines the angle and amount of light that will reach the optical bench (di↵raction

grating and CCD) and is an important factor when determining the spectral resolution

[147]. A narrow slit results in loss of output signal, but conversely produces a higher

divergence angle, completely illuminating the di↵raction grating. Nonetheless, a broader

slit may result in a small divergence angle partially illuminating the di↵raction grating.

The HORIBA XploRA system has a single grating Czerny-Turner spectrograph (Figure

2.5), where the light entering the spectrometer after passing through the slit, is collimated

to the di↵raction grating by the collimating mirror and then further focused onto the CCD

detector by a focusing mirror.

The spectral resolution depends on the groove density of the di↵raction grating and is

also a complex function of the slit-width, CCD pixel-width and spectrograph dispersion [7].
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Figure 2.5: Schematics of a Czerny-Turner spectrograph. The scattered light enters

through the slit, is collimated into the di↵raction grating, and focused onto the detector.

F2 is the focal length, as per [7].

If the slit-width is bigger than the pixel-width, then the spectral resolution is influenced

by the slit rather than by the CCD pixel. However, if the the slit is decreased to a value

smaller than the pixel-width, then the slit-width will not improve resolution and will only

decrease the signal [7].

The micro-Raman system used in this research has the following options for the slit

size: 50, 100 and 200 µm. The available di↵raction gratings are 600, 1200, 1800 and 2400

grooves/mm. In this system, the spectral resolution is 1 pixel, which corresponds to 1

cm�1 for a 2400 grooves/mm grating, or to 4 cm�1 when a 1200 grooves/mm grating is

used. Therefore, to obtain the best spectral resolution, whilst maintaining good signal,

the slit size chosen was 200 µm combined with the 2400 grooves/mm di↵raction grating.

Another point of consideration is that spectral coverage and total acquisition time are

linked. If a scanning spectrometer is used, then a high resolution over a wide Raman shift
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requires that a large number of wavelengths increments be monitored, greatly increasing

the acquisition time. The acquisition time is improved by using a multichannel (or multi-

window) spectrometer, which will monitor many wavelengths at once, but still within a

finite number of channels (or windows) [7]. The HORIBA system has both scanning and

multi-window options, therefore the latter was chosen to reduce the total acquisition time

for the experiments.

2.2 Cell culture

2.2.1 Summary of studied cells

All of the work performed on human samples was approved by the University of York,

Department of Biology ethics committee and obtained by Prof. Paul G. Genever.

The four MSC lines (termed Y101, Y201, Y102 and Y202) employed in this research

were developed by the research laboratory of Prof Paul G. Genever in the Biology De-

partment at the University of York. The generation and phenotyping of the immortalised

clonal cell lines used in this research are described by James et al. (2015) [84]. Thus, a

brief summary of their work is described next, as per [84].

James et al. isolated a heterogeneous population of MSCs from the bone marrow of one

donor and immortalised it by the overexpression of human telomerase reverse transcriptase

(hTERT) followed by clonal isolation to generate a panel of cell lines. Four clonal cell

lines (Y101, Y201, Y102 and Y202) were selected due to their strong clonal and stable

growth characteristics, which were maintained over 400 days. The expression of surface

antigens was determined by flow cytometry, with positive expression of CD29, CD44,

CD73, CD90, CD105 and CD166 antigens and negative expression for CD34 and CD45

antigens, thus, matching the profile of their parental cells and typical of human primary
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MSCs [96]. All clones were also negative for CD11b, CD14, CD169, CD1a, CD4, CD11c

and CD83 antigens. James et al. also checked the clonal lines for tumourigenicity and no

evidence was observed in in vitro colony transformation assays for non-adherent growth, or

even following subcutaneous injection into immunocompromised mice. Characterisation

of these four cell lines towards their tri-lineage di↵erentiation – osteogenic, adipogenic and

chondrogenic, followed up to 21 days after induction was also checked. Cell lines Y101

and Y201 showed tri-lineage di↵erentiation capacity, whereas Y102 and Y202 had limited

di↵erentiation ability, exhibiting a non-haematopoietic stromal phenotype together with

atypical morphology (flat and spread in comparison to the elongated fibroblastoid shape of

the Y101 and Y201 cells). From the analysis of an array data for di↵erential expression of

genes encoding cell-surface proteins, it was also noticed that CD317 was highly expressed

in the Y102 and Y202 while absent from the Y101 and Y201. The CD317+ fraction of

cells sorted from primary MSCs had characteristics of colony-forming population, and

appeared to have enhanced immunostimulatory capacity, thus, being closely related to the

Y102 and Y202 cells.

Primary human MSCs studied with RS were isolated by Prof Paul G. Genever’s re-

search group from femoral heads during hip replacement surgery or as explant cultures

from human tibial plateaus after routine knee replacement, and obtained with informed pa-

tient consent. For more details about their isolation, please refer to James et al. (2015) [84].

These primary human MSC populations are termed K72, K106, K148 and K149. The

CD317+ primary fraction was analysed with RS, being previously sorted by Dr Charlotte

Knight from Paul G. Genever’s group using fluorescent activated cell sorting (FACS) from

a primary population as described by James et al. (2015) [84]. Finally, the human dermal

fibroblasts (HDF), used as a non-MSC stromal cell control for the RS investigations, were

also maintained at the laboratory of Prof Paul G. Genever.
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2.2.2 Culturing methods

All cells were kept frozen in liquid nitrogen, and initially thawed in a water bath. The

cells were then grown in a T-25 flask (Corning, Sigma-Aldrich) with growth medium: Dul-

becco’s Moddified Eagle’s Medium (DMEM) containing 4.5 g/L D-Glucose, L-Glutamine

and Pyruvate (Gibco, Thermo Fisher), in which were added 1% of penicillin/streptomycin

(100 U/mL - penicillin and 100 µg/mL - streptomycin; Gibco, Thermo Fisher) to pre-

vent bacterial contamination. The growth medium was supplemented with 10% of foetal

bovine serum (FBS) for the MSC lines and HDFs, whereas 15% FBS was used for the pri-

mary human MSCs. Once confluent, the cells were transferred to a T-75 flask (Corning,

Sigma-Aldrich) and maintained in culture.

To promote cell growth, the culture flasks were kept in an incubator at 37�C and 5%

CO2 concentration. The growth medium was changed twice a week and the cells were

passaged at a 4:1 ratio when 70%-80% of confluence was reached. This was first done

by removing the growth medium and rinsing the flask with 1x phosphate bu↵ered saline

solution (PBS) (Gibco, Thermo Fisher) to remove dead cells, debris and any remaining

of growth medium. A 0.05% trypsin-EDTA (Gibco, Thermo Fisher) was used to detach

the cells from the plastic, which were then centrifuged for 5 min at 1200 rpm with 2 ml of

growth medium. The trypsin supernatant was removed and the cells were re-suspended

in fresh growth medium, split, re-seeded in the flask and re-incubated. Primary human

MSCs were expanded and used between passages p1 and p7.

2.2.3 Preparation of cells for Raman spectroscopy

RS was performed on both air-dried and live cells and the experimental set-ups for both of

them are described below. For both types of Raman measurements, the cells were detached

from the flasks with trypsin following the same procedure described previously in Section

72



2.2 Cell culture

800

600

400

200

0

Ar
bi

tr
ar

y 
In

te
ns

ity
 (

co
un

ts
/s

)

30002500200015001000500

Raman shift (cm-1
)

 Glass slide 
 CaF2  slide 

Figure 2.6: Glass versus CaF2 spectra showing the di↵erent backgrounds created by

both materials. For both spectra the acquisition time was 45 s and the laser power at the

samples was ⇠9.2⇥109 W/cm2.

2.2. These cells were then seeded onto calcium fluoride slides (CaF2) (Crystran Limited)

placed into 10 cm Petri dishes. CaF2 slides are preferred to glass slides because they do

not show any background spectra in the spectral region of sampled cells. A comparison

between the glass and CaF2 spectra is shown in Figure 2.6. Glass creates a large spectral

background that can jeopardise the weak Raman bands from the cells. In comparison, the

only peak observed from CaF2 is at 320 cm�1, therefore outside of the acquisition range

of any experiment performed in this study.

MSCs tend to form colonies, therefore the cell suspension was repeatedly pipetted prior

seeding to allow for an even distribution of cells on top of the slide. The number of cells

was counted using a hemocytometer with 2.5⇥104 cells/cm2 seeded onto rectangular slides

(75 mm x 25 mm, 1 mm thickness) for the air-dried experiments, or onto circular disks

(13 mm diameter, 1 mm thickness) for the live cell experiments.
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In order to avoid displacing the cells from the slides, the Petri dishes were carefully

topped up with medium after 5 to 7 minutes from when the CaF2 slides were seeded,

being finally incubated. The CaF2 slides were cleaned with the solvent NuSol rapide and

rinsed with deionised water before each use. The first 24h of incubation were performed

with 15 mL of growth medium, and a higher concentration of FBS (15%), with 0.1% of

Amphotericin B (0.25 µg/mL - HyClone, GE Healthcare Life Sciences) to prevent fungal

incidence. These first 24h of incubation at a higher serum concentration in the medium

allowed the cells to attach to the surface of the CaF2 slides. Raman cell spectra are known

to be dependent on the cell cycle [40], thus after the initial incubation, the medium was

replaced by a low serum concentration medium with 0.5% FBS and re-incubated for other

24h to synchronise the cell cycle at G0 via nutritional deprivation [148]. Therefore, before

any data collection could occur, the samples had to be prepared 48h in advance.

For the air-dried experiments, the growth medium was removed and the slide was

then rinsed three times with 1x PBS and air dried before Raman data collection. No

fixative solutions were used as these can influence the Raman signal of the cells; air drying

and sample desiccation provide good signal intensity and reasonable preservation of cell

components visible in the Raman spectrum [45].

For live cell experiments, the medium was removed and the disks were then rinsed three

times with 1x Hank’s balanced salt solution (HBSS) (Gibco, Thermo Fischer). The Petri

dish was then topped up with 17 mL of 1x HBSS and the cells were then analysed using a

x63 water dipping lens. As the cells had to be kept outside their ideal growth conditions,

the RS analyses were performed with 4h from the point of removing the samples from the

incubator.

The RS acquisition parameters used for both air-dried and live cell data collection are

summarised in Section 2.3.
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2.2.4 Osteogenic and adipogenic di↵erentiation

The di↵erentiation assays were performed on the Y201 cell line due to its tri-lineage (os-

teogenic, adipogenic and chondrogenic) di↵erentiation capacity [84]. Cells were seeded

near confluence on 24 well plates and also onto CaF2 disks (13mm diameter x 1mm thick-

ness) that were placed inside 10 cm Petri dishes. The well plates were used to perform

histological staining assays to confirm di↵erentiation, while the CaF2 disks were used for

the Raman data collection. In both cases, the cells were incubated with DMEM contain-

ing 1% penicillin/streptomycin (100 units/mL - penicillin and 100 µg/mL - streptomycin;

Gibco, Thermo Fischer), 0.1% Amphotericin B (0.25 µg/mL - HyClone, GE Healthcare

Life Sciences) and supplemented with 15% FBS. This culture medium is termed here as

basal medium as it does not contain any of the supplements needed to promote cell dif-

ferentiation. After the cells were confluent, they were then induced into osteogenic or

adipogenic di↵erentiation, with this being day 0 of the di↵erentiation process.

Osteogenic di↵erentiation was induced with basal medium supplemented with L-ascorbic

acid-2-phosphate (50 µg/mL), �-glycerophosphate (5 mM) and dexamethasone (10 nM).

In order to induce adipogenic di↵erentiation, the basal medium was supplemented with

dexamethasone (1 µM), isobutyl-methylxanthine (500 µM), insulin (1 µg/mL) and in-

domethacin (100 µM). Along with the osteogenic and adipogenic di↵erentiation exper-

iments, a control experiment was prepared by keeping the cells in basal medium and

incubating them for the same period of time.

The osteogenic, adipogenic and basal media were changed twice a week. The di↵eren-

tiation and control experiments were stopped at days 0, 7, 14 and 21 for Raman analyses

and staining assays. The Raman analyses were performed on live cells with the data

acquired using a x63 dipping lens immersed in 1x HBSS and the acquisition parameters

described in Section 2.3. Since Raman cell spectra are dependent on the cell cycle, the
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cells were also synchronised to G0 via nutritional deprivation by replacing the medium,

either basal, osteogenic or adipogenic, with a low-serum (0.5% FBS) medium 24h prior to

the data collection.

2.2.5 Alkaline phosphatase and von Kossa staining

Mineralisation was confirmed using alkaline phosphatase (ALP) and von Kossa stain-

ing [149]. These assays were performed on the cells seeded onto the 24 well plates, and

conducted at days 0, 7, 14 and 21 for samples kept in both basal and osteogenic condi-

tions. First, the cells were washed twice with 1x PBS. A filtrated (Millex GP 0.22 µm

sterile filter) alkaline phosphatase (ALP) reagent mix was then added and left for 1 min.

This reagent mix consists of 0.2 mg/mL naphtol AS-MX (Sigma-Aldrich) in 1% N,N-

dimethylformamide diluted in 0.1 M Tris (base) pH 9.2 plus 1 mg/mL of Fast Red TR.

The cells were then washed twice with 1x PBS and fixated with 4% paraformaldehyde for

5 min. This procedure was followed by a wash with 1x PBS and a wash with deionised

water. A 1% silver nitrate solution was then added and the plates were left on a light

box for 60 min. Plates were again washed three times with deionised water, followed by

2.5% sodium thiosulphate for 5 min. Finally, the plates were washed twice with deionised

water and left in a 20% glycerol in PBS for imaging. Bright field images were saved on a

Zeiss AxioZoom stereomicroscope using a planApo S 0.63x lens and on a Leica DM IRB

microscope with x5 and x10 objective lenses.

2.2.6 Oil Red O staining

Lipid accumulation was examined by Oil Red O staining of the cells seeded onto the 24

well plates and performed at days 0, 7, 14 and 21 for samples kept in both basal and

adipogenic conditions. At each time point analysed, the culture medium was removed
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and the wells were rinsed with 1x PBS and then fixed with 4% paraformaldehyde for 10

min. The plates were then rinsed once with deionised water and left for 5 min in 60%

isopropanol. Following this, isopropanol was then removed and Oil Red O staining solution

(0.3% Oil Red O in 60% isopropanol) was added for 10 min. One final rinse with 60%

isopropanol was then performed to remove the excess of Oil Red O stain together with

three rinses with deionised water. The samples were stored in 20% glycerol in PBS with

bright field images saved using a Leica DM IRB microscope with x5 and x10 objective

lenses.

2.3 Summary of RS acquisition parameters for cell analyses

Many of the selected settings for the adjustable components of the micro-Raman system

were described in Section 2.1, and are summarised below.

For this thesis, all spectra collection were performed using an HORIBA XploRA micro-

Raman system, equipped with an automated X-Y-Z motorised stage and CCD detector

kept at -50�C. The system allows visual optical inspection and Raman mode spectral data

collection. The acquisition of cell spectra was performed using a x100 (0.9 NA) lens, for

air-dried cell experiments, and a x63 (1.0 NA) dipping lens, for the live cell analyses.

The XploRA system is operated using Labspec software, which allows the selection

of settings for all adjustable components. During this research, Labspec 5 was initially

used, and then later upgraded to Labspec 6. The samples were irradiated for 45 s (per

spectral window) using a 532 nm laser. The Raman acquisition consisted of an average of

two accumulations of irradiation time per spectral window to allow the software to correct

for cosmic rays that may reach the CCD, and also to decrease noise. All spectra were

obtained over the nucleus of the cells, unless they had been induced to di↵erentiate, in

which case the data were obtained from their di↵erentiation products, i.e. mineralised
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nodules for osteo-induced cells and lipid droplets for the adipo-induced cells.

The laser power was reduced to 3.5 mW (laser power density of ⇠9.2⇥109 W/cm2) by

selecting a 50% neutral density filter. A pinhole of 100 µm was used to allow for confocal

Raman acquisition. A slit of 200 µm combined with a 2400 grooves/mm di↵raction grating

provided a spectral resolution of ⇠1 cm�1.

The spectral range was dependent on the type of experiment: for air-dried cell analyses,

spectra were collected from 600 cm�1 to 1800 cm�1 (fingerprint region), while for live-cell

analyses, data were obtained from the fingerprint region plus high-wavenumber region

(2600 cm�1 to 3200 cm�1).

Air-dried experiments were performed on the undi↵erentiated MSC lines (Y101, Y201,

Y102 and Y202), primary human MSCs (K72), the sorted primary fraction (CD317+) and

HDFs. For these experiments, five spectra were obtained from the nucleus of each cell.

The second order standard deviation and the standard error of the mean were checked for

their convergence to verify that the quantity of spectra was su�ciently representative of

the cell line analysed. These convergence tests are explained further on Subsection 2.6.2.

For the air-dried experiments, in total, 560 spectra were collected for Y101 cell line

(over six experimental repeats), 200 spectra were collected for Y102 cell line and 180

spectra were collected for Y201 and Y202 cell lines (over two experimental repeats). The

HDFs and primary human MSCs were analysed once with 100 spectra obtained for each

sample. An additional experiment was performed for the primary human MSC K72, where

three cells were randomly selected and had 36 spectra collected from the nucleus of each

one of them, in order to individually compare them to the MSC lines.

Live cell experiments were performed on the undi↵erentiated MSC lines (Y101, Y201,

Y102 and Y202) and for MSC line Y201 during osteogenic and adipogenic di↵erentiation.

In these experiments only a single spectrum was collected per cell to avoid cell death caused
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by increased laser exposure. In total, 48 spectra were obtained for each undi↵erentiated

MSC line over three experimental repeats (16 spectra obtained for each experiment). These

quantities of spectra obtained were also checked for their convergence of the standard error

of the mean and second order standard deviation. During the di↵erentiation process,

either osteogenic or adipogenic, cells were analysed at days 0, 7, 14 and 21 with 16 spectra

obtained for each time-point.

In order to prevent laser-induced damage, all cells were monitored during real-time

acquisition and with optical inspection performed after each Raman measurement. In

addition, a trypan blue assay was developed to assess if the laser exposure could cause cell

death during the live cell experiments. This assay is described in Subsection 2.3.1.

Before each experiment, the Raman system was auto-calibrated with respect to the

wavenumber position using a Si slab. This procedure is automated in Labspec and only

requires the Si slab to be focused under the objective.

2.3.1 Trypan blue assay for live cell experiments

A trypan blue staining assay was performed to check if the laser exposure could induce

cell death during the live cell data collection. The MSCs were seeded onto CaF2 disks

and incubated, as described in Subsection 2.2.3. Using the x63 dipping lens immersed in

1x HBSS, a random cell was selected and optical images were saved. The cell was then

irradiated using the 532 nm laser and under the same acquisition conditions described in

Section 2.3. After both the fingerprint and the high-wavenumber regions were analysed,

the total amount of time during which the cells were laser irradiated was determined as

7.5 min. Following the laser irradiation, the HBSS was drained and 200 µL of 0.2% trypan

blue solution (Thermo Fisher) was added for 1 min [150]. The CaF2 disk was then rinsed

three times using 1x HBSS and the Petri dish was then further topped up, so that new
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images of the chosen cell could be saved. Finally, as a control, the HBSS was again drained

and, in order to kill the cells, 300 µL of 70% ethanol was added for 5 min. The trypan

blue staining was then repeated and more optical images were saved.

This protocol was repeated three times for three randomly chosen cells. It is important

to highlight that the cell specificity, where the same cell was evaluated before and after

laser exposure, was only possible due to the use of an automated X-Y-Z stage.

2.4 Bone fragment analyses

Bone fragments were investigated using RS in order to compare their mineral properties

to the mineral produced by the MSCs during osteogenic di↵erentiation. This included the

analyses of human and lamb bone fragments.

The human bone originated from the femoral heads or tibial plateaus obtained during

hip or knee replacement surgeries and was donated to Prof Paul G. Genever’s research

group. Small fragments, from four di↵erent donors (here termed FH1, FH2, FH3 and

K1) were obtained during the isolation of the primary human MSCs and were frozen at

-80�C. They were thawed in HBSS after 24 h from being first frozen and analysed using

Raman micro-spectroscopy with the x63 (1.0 NA) dipping lens. Spectra were obtained

from various parts of the fragments using the same acquisition parameters described for

the live cell analyses in Section 2.3.

The lamb bone was prepared for RS by Jake Hodgetts from Dr Yvette Hancock’s

research group with the methods of preparation described in his Master’s dissertation [151].

This method included using hot water maceration to prepare a section of the rib, which

was boiled for 20-30 min to remove the flesh and fat, cooled down and air-dried. A thin

section of the bone was then cut and polished until a thickness of 5-30 µm was obtained.

The RS acquisition parameters for this lamb bone fragment were the same used for the
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human bone fragments, however, it was analysed in air using the x100 (0.9 NA) lens.

2.5 Lipid analyses

Fatty acids, lipids and phospholipids were analysed using RS in an attempt to the identify

the lipids stored in the lipid droplets formed during adipogenesis of the MSCs. All samples

in this study were provided by Dr Martin G. Rumsby from the Department of Biology,

University of York. The lipid samples were analysed either as pure lipids or dissolved

into chloroform/methanol-2:1 (CM) (Table 2.5). A small volume (5 µL) of the liquid

samples was pipetted onto a CaF2 slide and immediately analysed. For solid samples, a

small quantity of the powder was deposited onto the slide and sampled. To avoid thermal

decomposition of the samples, a x50 lens was used so that the laser spot size and working

distance were larger. The acquisition parameters were again the same as those used for

live cell analysis as described in Section 2.3.

Table 2.2: List of fatty acids, lipids and phospholipids analysed using RS.

Classification State Dissolution Sample

Sterol Solid Pure Cholesterol

Fatty acid Liquid Pure Eicosapentaeonic acid (EPA)

Fatty acid Liquid Pure Linoleic acid

Fatty acid Liquid Pure Oleic acid

Fatty acid Solid Pure Palmitic acid

Phospholipid Liquid CM (50 mM) Phosphatidic acid

Phospholipid Liquid CM (50 mM) Phosphatidylcholine

Phospholipid Liquid CM (50 mM) Phosphatidylethanolamine

Phospholipid Liquid CM (50 mM) Phosphatidylserine

Fatty acid Liquid Pure Stearidonic acid

Triacylglycerol Liquid CM (50 mM) Triolein

Fatty acid Liquid Pure �-linolenic acid
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2.6 Data analyses

2.6.1 Ratiometric analysis

The ratiometric analyses of the Raman data were performed using minimal pre-processing

and, thus each individual spectrum per sample was not smoothed or normalised. Spectra

obtained for the air-dried experiments were initially baseline corrected using a linear in-

terval baseline, extending from the first to the last spectral point using the Raman tool

set package [152]. Further data analyses, such as spectra averaging and peak fitting, were

carried out using IGOR Pro 6.32 software.

The spectra obtained for each sample were first averaged thus, obtaining a representa-

tive spectrum for each sample. Statistical quantities such as the standard deviation (SD)

and standard error of mean (SE) were calculated directly on IGOR Pro, over the whole

spectrum, and are represented by equations 2.3 and 2.4, respectively [153].

SD =

sP
n

i=1(yi � ȳ)2

n� 1
(2.3)

and

SE =
SDp
n

, (2.4)

where n is the total number of measurements, or spectra obtained, y

i

is the intensity

of each point in the spectra and ȳ is the mean of the intensity for each point. The SD

represents how scattered the measurements are, while the SE indicates the uncertainty

around the mean. It can be seen from equation 2.4 that the SE depends on the sample

size n and it decreases with it.

More comprehensive examination of the spectra included Gaussian peak fitting along

with linear baseline subtraction for each band envelope fitted. Where necessary, peak
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deconvolution was performed during the fitting process.

The fitting of the averaged spectra was performed for regions containing single peaks or

groups of convolved peaks. When a fitting is performed on IGOR Pro, one can inform the

software to automatically locate peaks in a selected region. Thus, the software estimates

the number of peaks and their position for that range. These peak positions are then used

as initial guesses during the fitting process and may change when the fitting is finished

and optimised. Other initial guesses that are automatically calculated by the software

include the peak width and amplitude. The peak fitting is concluded when a minimum

value is obtained for the �2 and the final values for peak position, width, full width at half

maximum (FWHM), area and amplitude are reported.

Examples of the IGOR Pro multi-peak fitting procedures are shown for the 1530 cm�1

to 1780 cm�1 range in the fingerprint region, which contain seven peaks (Figure 2.7a) and

in high-wavenumber region from 2800 cm�1 to 3100 cm�1, which contains eight peaks

(Figure 2.7b). Subfigure 2.7a is the average of 180 spectra obtained for the air-dried Y201

cell line, while subfigure 2.7b is the average of 48 spectra obtained for the live analyses

of the same cell line. As these figures show, linear baseline subtraction was performed

for ranges fitted in the fingerprint region, whilst for the high-wavenumber region, a cubic

function was baseline subtracted from the experimental data.

The process of fitting peaks to the experimental data generates a fitting error that

only informs how well a peak was fitted, reporting nothing about the biological variance

within that sample. For example, in the air-dried samples, the fitting error was typically

of the order of 1.3% of the peak intensity, while the SE of the mean for the same peak

was about 4.1% of its intensity. Therefore, the measure of uncertainty used for the peak

intensities, in all of the Raman datasets studied was the SE of the mean obtained for each

peak.
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(a)

(b)

Figure 2.7: Example of multi-peak fitting using IGOR Pro. Both fitting examples

show the experimental data in red, the fitted curve in blue and the individual peaks that

generated the fit. Also shown are the baseline corrections in green and the fitting residuals

(top). (a) The fingerprint region fitted with seven peaks ranging from 1530 cm�1 to 1780

cm�1 where a linear baseline was used and is the average of 180 spectra obtained for the

air-dried Y201 cell line and (b) high-wavenumber region fitted with eight peaks ranging

from 2800 cm�1 to 3100 cm�1, which was corrected using a cubic baseline subtraction,

and is the average of 48 spectra obtained for the analyses of live cells from the same cell

line.
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The ratiometric analyses are based on the calculation of peak intensity ratios (PIRs)

derived from the peak intensities obtained during the fitting process. PIRs were calcu-

lated for all peaks relative to all others in order to identify possible biomolecular markers

and also between specific peaks to calculate certain parameters, e.g. the hydroxyapatite

crystallinity in the mineral nodules observed during osteogenesis and the unsaturation

levels of the fatty acids stored in the lipid droplets formed during adipogenesis. Since each

peak has its uncertainty measured by the SE, the uncertainty associated with the PIRs is

therefore the propagation of the SE for the quotient expressed by Equation 2.5:

A± �A

B ± �B

=
A

B

± A

B

r
(
�A

A

)2 + (
�B

B

)2 (2.5)

where A and B are the intensities of the two peaks used for calculating the PIR and �A

and �B are the SE associated with them. The first term on the right is the calculated

PIR and the second is its uncertainty.

2.6.2 Convergence tests

Convergence tests were developed to ensure that the statistics are converged and that the

averaged spectra represents the population average, thus assessing the quantity of spectra

obtained on each experiment. These convergence tests are represented by three di↵erent

approaches: graphs of (i) the convergence of the SE and (ii) the convergence of two times

the standard deviation (2x SD), over the full averaged spectrum; and (iii) plots of the

percent SE (%SE) of a certain PIR against the number of collected spectra. The SE and

2x SD convergence tests correspond to spectral averages up to the total amount of spectra

collected per experiment. The %SE convergence test consists on checking how the SE of a

certain PIR decreases as the number of obtained spectra increases. The %SE convergence

tests attained to particularities of the di↵erent experiments performed in this study and
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are described below.

In the air-dried experiments five spectra were obtained from random positions in each

cell nucleus. These spectra were randomly averaged in groups of five, and from these

averages the PIRs and respective percent SE were determined. For the live cell analyses,

one spectrum was randomly obtained per cell, and therefore these spectra were randomly

included one-by-one in the convergence calculations. The PIRs used on the convergence

tests of the undi↵erentiated cells, either air-dried or live cells, were the 970/1085 and

1656/1085. For the osteo-induced MSCs, it was used the PIR 1654/1088, and for the adipo-

induced MSCs, the PIR 1654/1448. The 970 cm�1 peak is related to vibrations of proteins

and DNA/RNA, the 1085 cm�1 peak represents vibrations from lipids, carbohydrates,

phospholipids and DNA/RNA, and the 1444 cm�1 and 1656 cm�1 peaks are assigned to

lipids and proteins [36, 42, 56, 154–159]. Most of the spectral di↵erences noticed for the

MSCs, undi↵erentiated, osteo-induced and adipo-induced cells, were observed for these

peaks, thus their inclusion for this test.

2.6.3 Principal component and linear discriminant analysis

In conjunction with the peak intensity ratio analyses, principal component analysis (PCA)

and linear discriminant analysis (LDA) were performed on the MSC lines using the sta-

tistical package R Version 3.3.0, which was compiled through RStudio Version 0.99.902.

For these analyses, each spectrum was linear baselined in the fingerprint region and cubic

baselined in the high-wavenumber region. Other pre-processing methods included normal-

isation to the total spectrum area and smoothing by a cubic spline process, all of these

were done using the Raman tool set package [152]. The spectra obtained for the air-dried

experiments were then averaged to represent each analysed cell, once five spectra were

obtained per cell. The averaging was not performed for the spectra obtained for the live
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cell experiments as only one spectra was obtained per cell.

PCA is an unsupervised multivariate technique used for data classification based on

their similarity. The PCA method finds the best low-dimensional representation of the

dataset by generating orthogonal principal components (PCs) accounting for the major

variance in the dataset [32]. For the PCA, each point in the Raman spectrum is considered

a variable and each analysed cell is an observation. Thus, the number of observations for

the air-dried experiments is 112 for the Y101, 40 for the Y102 and, 36 for Y102 and

Y202. For the live cell analyses one spectrum was obtained per cell; therefore, the 48

spectra obtained for each undi↵erentiated MSC line, and the 16 spectra obtained for the

osteogenesis and adipogenesis analyses, correspond to the amount of observations. The

data used for the PCA was also standardised, meaning that it has mean zero and standard

variation equals to one; thus, all variables are equally weighted.

The PCA components, or PCs, are uncorrelated and the first few retain most of the

variation present in all of the original variables used [160]. Thus, scatter plots of the

scores of the first three PCs were generated. The loadings of each one of these PCs

were also plotted against the wavenumbers. The loadings are the coe�cients of the linear

combination that defined each of the PCs and describe the greatest variance in the spectra.

The LDA is a supervised classification model that optimises data classification by

maximising the between-group variance whilst decreasing the within-group variance. By

applying PCA prior to the LDA, the data is reduced and the LDA does not incorporate

as variables the same number of observations [36, 161]. This type of PCA-LDA analyses

have been used before in Raman data analyses demonstrating good group separation and

classification [32, 36, 161, 162]. In order to prevent overfit of the data with the LDA, the

criteria used to select the number of PCs incorporated into the LDA was to use half of the

number of observations obtained for the smallest group [36]. For the air-dried cell analyses,

87



2.7 Raman mapping

the smallest group pertained to the Y201 and Y202 MSC lines with 180 spectra obtained,

thus generating 36 observations (from the average of the 5 spectra obtained in each cell).

Therefore, to avoid overfitting, the half of this number of observations is 18, totalling the

amount of PCs incorporated into the LDA. For the live cell analyses of the undi↵erentiated

MSCs, all groups (Y101, Y201, Y102 and Y202) had 48 spectra collected, one per cell;

thus, 24 PCs were used. Finally, for the osteogenesis and adipogenesis experiments, 16

spectra were obtained for each time point (day 0, 7, 14 and 21); therefore, eight PCs were

used in the LDA.

Additionally, a classification model was built where two thirds of the data were used

to train the PCA-LDA algorithm while the other third was tested for their classification.

Finally, the model predictions were presented in a confusion matrix which described the

performance of the classification model.

2.7 Raman mapping

Due to the long amount of time required for their collection, Raman maps were only

performed on the air-dried samples using the same acquisition parameters described in

Section 2.3. The sample culturing and preparation for Raman map analysis followed the

same procedures previously explained in Sections 2.2.2 and 2.2.3. A cell was randomly

selected in the population and had its nucleus scanned. The number of spectra obtained

in each cell nucleus varied with its size and ranged from 361 to 484 spectra per cell. Map-

pings were only collected for the fingerprint region (600 cm�1 to 1800 cm�1) consuming

approximately 19h per map acquisition.

The spatially-resolved RS map images were processed using the IGOR Pro 6.32 soft-

ware. All spectra were corrected using a linear baseline subtraction from the first to the

last spectral point, in the 600 cm�1 to 1800 cm�1 range. As IGOR Pro allows the user
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to write procedures to automate tasks, a procedure was then written to perform peak

fitting for each spectrum obtained from the cell nucleus. The procedure fitted each peak,

or group of convolved peaks, by performing a linear baseline subtraction for the fitted

range as explained in Section 2.6.1. These fittings were then followed by the calculation

of the PIRs, and finally, based on their intensities, a colour profile image (heat map) was

created.

2.8 Additional analyses

Two additional experiments were performed on the four MSC lines by Dr James Fox,

from Prof Paul G. Genever research group, and are described bellow. The cell ploidy

experiment was used to determine in which stage of the cell cycle the MSC lines were after

being synchronised. The nuclear counterstaining and Image J analyses were used to verify

the nuclear area and perimeter of the MSC lines.

2.8.1 Cell ploidy

The cell ploidy experiment was used to confirm that the cells had been synchronised to the

G0 after nutritional starvation. Cells in normal growth media at ⇠70% confluence were

briefly trypsinised; 125,000 cells were transferred to 6 well plates and allowed to adhere for

5h. Cells were washed 3x with PBS then incubated for 16h in DMEM containing only 0.5%

serum. For flow cytometry, cells were washed and trypsinised to a single cell suspension

then fixed in ice-cold methanol for 10 mins and further washed 2x with PBS. Hoechst (Life

Technologies) nuclear acid stain was applied diluted in PBS to a final concentration of 5

µg/ml for a period of 30 mins followed by a PBS wash. Cells were immediately analysed

on a Beckman Coulter CyAn ADP flow cytometer (Beckman Coulter, High Wycombe,

UK) respecting a gating strategy to remove debris and doublets to record at least 10,000
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events. Data were analysed using Summit v4.3 software.

2.8.2 Nuclear counterstaining and Image J analysis

Cells at ⇠70% confluence were briefly trypsinised, 20,000 cells were transferred in triplicate

per cell line and allowed to adhere in 24 well plates for 5h. Cells were washed x3 with PBS

then incubated for 16h in DMEM containing only 0.5% serum. Cells were fixed with 3%

paraformaldehyde (Park Scientific) for 20 mins and gently washed 3x with PBS. DAPI (2

µg/ml) was applied for 10 mins before an additional 3x washes in PBS. Each replicate was

imaged at 10x magnification on a Leica DM IRB microscope (Leica) coupled with a Leica

DC500 camera. Images were processed in Image J v1.49 (National Institutes of Health,

USA). Briefly, the RGB images were threshold adjusted and particles were analysed with

area and perimeter measurements being recorded. Images were screened for validity with

exclusion of: all cells at the edge of the image; small objects that were not cells and large

objects that were two or more cells that Image J could not discriminate, each image taken

included at least 95 cells that met the inclusion criteria. Data from the three Image J

replicates were transformed to µm or µm2 and averaged in GraphPad Prism v6.07.
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Chapter 3

Undi↵erentiated mesenchymal

stromal cell line discrimination

and heterogeneity assessment

MSCs are known to form heterogeneous populations, which together with a lack of unique

cell surface expression markers, compromises their full application in regenerative medicine.

To circumvent these limitations, this chapter proposes to use RS biomolecular fingerprint-

ing to characterise air-dried samples of four immortalised clonal MSC lines. Thus, the

chapter evaluates the ability of RS to discriminate subpopulations of cells, where all four

clonal MSC lines express the same panel of surface proteins, but have contrasting di↵er-

entiation capacities. The MSC lines were also compared to HDFs and to a primary MSC

fraction sorted by the positive expression of the CD317 protein. PCA, a multivariate

method for data analysis, was used to reveal the spectral bands corresponding to most of

the variance across the MSC lines and PCA-LDA was used for data classification. Uni-

variate analysis of the spectra, by means of peak intensity ratio (PIR) analyses, were used
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to identify biomarkers linked to cell fate, i.e. RS markers that discriminate di↵erentiation

competent from di↵erentiation incompetent cell lines. Spatially-resolved Raman maps

performed on these air-dried MSCs allowed for localisation of the discriminating markers

on the sampled nuclei, revealing the di↵erences in morphology between the studied cell

lines. The population heterogeneity was also investigated, by means of the %SE, SE and

2x SD convergence tests. Finally, through the use of PIR markers, single cells from a

heterogeneous primary MSC population were characterised with RS aiming to identify

any similarities with the clonal MSC lines.

3.1 Averaged spectra and peak assignments

The laser spot of ⇠0.7 µm allowed all spectra to be collected exclusively over the nucleus of

the air-dried single cells, as described in Section 2.3. The analysed samples were the four

hTERT immortalised MSC clonal lines (Y101, Y201, Y102 and Y202), a primary MSC

population sorted for the positive expression of the CD317 protein (CD317+), HDFs and a

heterogeneous primary population (K72). The culturing methods and sample preparation

for the Raman analyses were described in Section 2.2.

The averaged Raman spectra and the standard error of the mean envelopes of the

studied cells are shown in Figure 3.1 along with the identification of the peaks included

in this study. The peak positions in Figure 3.1 were achieved by averaging the positions

obtained from the peak fittings performed on the cell lines, as per Section 2.6.

As described in Chapter 2, these spectra represent the average of 560 spectra obtained

for the Y101 cell line, 200 spectra for the Y102 cell line and 180 spectra for the Y201 and

Y202 cell lines. The Y101 cell line underwent six experimental repeats, whereas the other

cell lines included two experimental repeats. HDFs and primary human MSC populations

(CD317+ and K72) were analysed using 100 spectra each that were obtained from a single
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Figure 3.1: Averaged Raman spectra of air-dried undi↵erentiated MSC lines, HDFs and

CD317+ cells. The spectra were obtained at random positions in the nucleus of the cells

comprising each of these populations. The standard error of the mean envelopes (grey

curves) are also shown. The peak positions are the averages obtained from peak fitting

routines performed on each cell line. The spectra were o↵set for clarity.

experiment. These averaged spectra are a statistically converged representation of each

population, as determined by the %SE convergence test, together with the SE and 2x

SD full spectral convergences. These convergence tests were described in Section 2.6.2 of

Chapter 2 and their results are discussed in Section 3.4.1 of this chapter. The convergence

tests are displayed in Appendix B, in Sections B.2 and B.3. It is important to highlight

that although the convergence tests determined the minimum quantity of spectra needed to

describe each MSC line, the full amount of spectra obtained for each of the lines was used.

This was chosen so that the variability between the di↵erent experimental repeats could be

assessed. The convergence tests were established first to determine if the averaged spectra

is representative of the population of cells and, secondly, to assess the cell population

heterogeneity.
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3.1 Averaged spectra and peak assignments

The four MSC lines have contrasting di↵erentiation capacities, as described in Sub-

section 2.2.1. Specifically, the Y101 and Y201 cell lines possess trilineage di↵erentiation

capacity, whereas the Y102 and Y202 cell lines are di↵erentiation incompetent. The

CD317+ primary population fraction was sorted using fluorescence activated cell sorting

(FACS) from a donor di↵erent than that of the MSC lines. The CD317 protein is pos-

itively expressed only by the Y102 and Y202 MSC lines [84], thus this primary fraction

was used as a control to confirm the use of RS for subpopulation discrimination, while the

HDFs were used as a non-MSC stromal cell control.

The general and detailed peak assignments in Table 3.1, were obtained for each mea-

sured peak according to the literature. Some of the peak positions are assigned to more

than one biomolecule constituent due to the overlapping vibrations of di↵erent molecules.

For example, the peak at 1085 cm�1 is assigned to lipids, phospholipids, carbohydrates

and DNA/RNA [40,42,56,154,163]. The peak positions displayed in Table 3.1 correspond

to the average of peak positions obtained for all collected spectra. Since the SE for most

of these peak positions was below 1 cm�1, which is the equipment’s precision, this value

was used as a measure of their uncertainty; however, peaks at 1469 cm�1 (proteins, lipids

and DNA/RNA) and 1683 cm�1 (lipids and proteins) showed greater di↵erence in their

mean positions across the cell lines, with a standard error of the mean (SE) of ± 3 cm�1,

and this was the measure of their uncertainty. This increase in peak position uncertainties

may be due to both peaks being fitted as shoulders of other more intense peaks at 1444

cm�1 and at 1656 cm�1.
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3.1 Averaged spectra and peak assignments

Table 3.1: General and detailed Raman peak assignments. The assignments correspond

to the measured peak positions, averaged across the spectra shown in Figure 3.1, as defined

in the literature. The measured peak position uncertainty is the equipment’s precision (±
1 cm�1) except for the 1469 cm�1 and 1683 cm�1 peaks, which showed greater di↵erences

across the cell lines. For these peaks the SE of ± 3 cm�1 was used as the uncertainty

measure.

Peak Literature General Detailed

position range biomolecular biomolecular

(cm�1) (cm�1) assignments assignments

618 618-623 Proteins C-C twist of proteins [154].

Skeletal phenylalanine [41, 66,156].

Phenylalanine C-C twist [42, 56].

639 640-645 Proteins C-S stretch & C-C twist of tyrosine [154].

Tyrosine [41, 66,156].

C-C twist of tyrosine [42, 56].

664 666-678 DNA/RNA Guanine and thymine ring breathing mode [41, 42,

56,154].

Tyrosine-G backbone in RNA [154].

696 700 Proteins Aminoacid methionime ⌫(C-S) trans [154].

716 717-719 Lipids CN+(CH3)3 stretch in lipids [36, 42,56,154].

C-N membrane phospholipid head stretch [48,154].

Phospholipids [32].

742 746 DNA Thymine ring breathing mode [154,163].

755 755-760 Proteins Tryptophan ring breathing mode [33, 36, 42, 48, 56,

141,154,164].

779 774-788 DNA/RNA Uracil ring breathing mode [154].

Thymine and uracil ring breathing modes [43].

Cytosine and thymine modes [66].

Uracil, cytosine and thymine ring breathing modes

[32, 42,56].

DNA/RNA O-P-O symmetric stretch [30,141,163].

Uracil, cytosine, and thymine overlapping with O-P-

O stretch in DNA [33,48,156,164].

824 823-830 Proteins & DNA O-P-O asymmetric stretch [32,163].

DNA/RNA Tyrosine out-of-plane ring breathing and O-P-O

stretch in DNA [36,42,56,154].

Proline and hydroxyproline, out-of-plane tyrosine

ring breathing, DNA/RNA asymmetric O-P-O

stretch [48].

849 850-853 Proteins Tyrosine ring breathing [36, 41, 42, 56, 66, 154, 156,

164].

C-C in proline and tyrosine ring breathing mode [69].

Protein related peak [33].

Continued on next page
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Table 3.1 – Continued from previous page

C-C stretch in collagen, tyrosine ring breathing,

glycogen, polysaccharides C-O-C stretch [48].

875 874-877 Proteins, lipids

&

Proteins C-C stretch, antisymmetric vibrations of

choline N(CH3)3 [154].

carbohydrates C-C-N+ symmetric stretch (lipids) and C-O-C ring

(carbohydrates) [42, 56].

Hydroxyproline C-C stretch in collagen, trypto-

phan ring deformation, choline asymmetric stretch

in phospholipids and C-O-C stretch in carbohydrates

[48].

891 889-891 Carbohydrates Saccharide band, methylene and C-C skeletal [154].

932 915-938 Proteins Skeletal C-C stretch ↵-helix [32, 33, 41, 69, 126, 154,

156,164].

C-C backbone stretch ↵-helix and C-O-C glycogen

[36,42,48,56].

970 968-975 Proteins & C-O-P phosphodiester residue [40].

DNA/RNA Ribose (DNA/RNA) [159].

Phosphate monoester groups of phosphorylated pro-

teins and DNA/RNA cellular nucleic acids [154,157,

158].

999 1000-1005 Proteins Phenylalanine ring breathing [30,33,34,36,40–42,48,

56,66,126,154,156,159,163].

Phenylalanine ring breathing or histone proteins if

collected in nucleus [164].

1028 1029-1033 Proteins Phenylalanine ring breating [33,36,41,42,56,154].

Collagen, keratin, C-N stretch in proteins, Phe C-H

in plane bending, phospholipids and polysaccharides

[48].

1060 1060-1083 Lipids, Peak indicative of phospholipids [126].

carbohydrates, Lipid peaks [66].

phospholipids &

DNA/RNA

DNA PO�2 backbone stretch, lipids chain C-C

stretch, carbohydrates C-O and C-C stretch [42, 56,

154].

1085 1083-1095 Lipids, DNA/RNA PO�2 symmetric stretch [40].

carbohydrates,

phospholipids

DNA PO�2 backbone stretch and C-C gauche in

lipids and phospholipids [154,163].

& DNA/RNA DNA PO�2 stretch, lipids chain C-C stretch, carbo-

hydrates C-O and C-C stretch [42,56].

1100 1095-1100 Lipids, proteins, DNA PO�2 stretch [32,41,43,66,141,154,164].

carbohydrates DNA PO�2 stretch and protein C-N vibration [155].

& DNA/RNA C-C vibration of gauche bonded chain [154].

Peak indicative of lipids [126].

DNA PO�2 stretch, lipids chain C-C stretch, carbo-

hydrates C-O and C-C stretch [36,42,56].

1124 1123-1128 Lipids & Protein C-N stretch [36,41,42,56,66,154,155].

Continued on next page
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Table 3.1 – Continued from previous page

proteins ⌫(C-C) skeletal backbone in lipid (transconforma-

tion) [154,163].

C-C stretch in proteins and C-O stretch in carbohy-

drates [41, 42,154].

Peak indicative of phospholipids [126].

Lipids [159].

1152 1152-1158 Proteins C-C and C-N stretch in proteins [36, 42,56,154].

Carotenoids [154].

1170 1170-1176 Proteins C-H in plane bend of tyrosine [42, 56,154].

Tyrosine and phenylalanine [41].

Protein related peak [33].

1203 1200-1209 Proteins Tyrosine and phenylalanine [41, 42,56,154,163].

Phenylalanine and tryptophan [36].

CH2 wagging of glycine and proline [154].

Amide III [154,164].

1237 1237-1240 Proteins, lipids

& DNA/RNA

Amide III and CH2 wagging of glycine and proline

[154].

PO�2 antisymmetric stretch [40].

Amide III and thymine [41].

Amide III, thymine, adenine and =CH bend of lipids

[42, 56].

1260 1257-1263 Proteins, lipids

& DNA/RNA

Amide III, thymine, adenine and =CH bend of lipids

[36, 42,56,154].

↵-helix proteins [32].

Amide bond [159].

1305 1300-1305 Proteins, lipids

& DNA/RNA

CH2 deformation in lipids, adenine and cytosine

[154].

Adenine and CH deformation [41].

=CH deformation in lipids [66, 156].

Lipids, proteins (Amide III), adenine and cytosine

[163].

Nuclear acids and lipids [32].

CH2 twist in lipids [42, 56,69].

Lipid band [30].

Peak indicative of phospholipids [126].

1335 1335-1339 Proteins & Guanine and CH3CH2 wagging of collagen [154].

DNA/RNA DNA and RNA [66].

Adenine, phenylalanine and CH deformation [163].

Adenine, guanine and CH deformation [155].

Adenine and CH deformation [41].

1444 1440-1447 Lipids & CH2 deformation in lipids and proteins [154,163,164].

proteins CH deformation in proteins [41, 43,155].

CH2 deformation in lipids [30, 69].

CH in carbohydrates [34].

1469 1450-1485 Proteins , lipids Nuclear acids [32].

Continued on next page
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& DNA/RNA Guanine, adenine, CH deformation of proteins and

lipids [36].

Guanine, adenine, CH deformation of proteins, lipids

and carbohydrates [42,56].

C=N stretch [154].

Guanine, adenine, CH deformation of proteins, lipids

and carbohydrates [42,56,154].

1549 1548-1554 Proteins Tryptophan [154].

Amide III [34].

1574 1573-1578 DNA/RNA Guanine and adenine [36,41,42,56,154,155,164].

DNA/RNA [66].

Peak indicative of lipids [126].

1601 1600-1607 Proteins C=C of Phenylalanine and tyrosine [41, 42,56,155].

Amide I C=O stretch and phenylalanine [154].

Protein band [66].

1615 1610-1617 Proteins C=C of tyrosine and tryptophan [42,56,154,155].

C=C of tyrosine and phenylalanine [36].

1656 1651-1660 Lipids & Amide I [30, 34,41,126,159,164].

proteins Amide I and C=C stretch of lipids [36, 42, 56, 154–

156].

C=C stretch of lipids [66, 69,163].

↵-helix proteins [32].

C=C stretch of phospholipids [43].

1683 1680-1685 Lipids & Amide I [154].

proteins Amide I and C=C stretch of lipids [42, 56].

1731 1729-1743 Lipids C=O ester group in lipids [42, 43,56,154,156].

The spectra of the four MSC lines and primary CD317+ in Figure 3.1 show similar

features, with the main visual di↵erences being observed for the protein peak at 932

cm�1, the protein & DNA/RNA vibrations at 970 cm�1 and for the lipids, phospholipids,

carbohydrates and DNA/RNA band at 1085 cm�1. The peaks at 779 cm�1 and at 1574

cm�1, both assigned to DNA/RNA nucleic acid vibrations, are also more distinct in the

HDF population compared to the other cell lines.
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3.2 Multivariate analysis: PCA-LDA of the air-dried MSC

lines

Multivariate analysis, comprised of PCA followed by LDA, was performed on the spectra

obtained from the air-dried MSC lines Y101, Y102, Y201 and Y202. PCA is an unsuper-

vised technique used for data classification that generates a low-dimensional representation

of the data by orthogonal principal components (PCs) accounting for the major variance

in the dataset. LDA is a supervised method that is used to maximise the variance in the

dataset, and in this work it was carried out using the PCs obtained from the PCA.

For these analyses, the five spectra obtained for each single cell were averaged, baseline

corrected, area-normalised and smoothed, as explained in Section 2.6.3. Once di↵erent

amounts of spectra were obtained for each of the MSC lines, the number of observations

for each group is also di↵erent, such as that it corresponds to 112 observations for the

Y101 line, 40 observations for the Y102 line and 36 observations for the Y201 and Y202

lines. Such uneven sampling size a↵ects the interpretation of the classification with the

LDA. However, regardless of the total sample size, the ability to discriminate the cell lines

is governed by the smaller of the groups [165]. Although an uneven sample size may bias

the interpretation of multivariate analyses, it is common that di↵erent amount of spectra

per group is used in the Raman analyses of cells [23, 31, 36,162].

Figure 3.2 shows the scores obtained for the PCA analysis performed on the MSC lines.

The first three PCs accounted for 67% of the total variance in the dataset, with variances

of 34%, 23% and 10%, respectively, for PC1, PC2 and PC3. PCA alone is not able to fully

discriminate the four MSC lines; however, cell line Y101 starts to be separated from the

others when PC1, PC2 and PC3 are plotted together (Figure 3.2).

The loadings of these three principal components are shown in Figure 3.3. PC1 load-
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Figure 3.2: PCA scores for the MSC lines. PCA is not able to fully discriminate the

four cell lines, however, the Y101 MSC line is shown nearly separate from the other lines.

PC1, PC2 and PC3 accounted for 34%, 23% and 10% of the total variance in the datasets.

ing indicates a significant contribution of the background common to these cell lines,

specifically between 800 cm�1 and 1200 cm�1 (Figure 3.3a). This reflects the pronounced

background, observed across the cell lines, in the region of the 970 cm�1 peak (proteins

and DNA/RNA). These background contributions were captured by the PCA due to the

baseline correction used, which consisted on a linear function being subtracted from the

first to the last spectral point. Raman background generated by cells were used in the

literature to discriminate MSCs from HDFs [31], and also tumours from non-tumours

cells [166]. These di↵erent backgrounds are generated by di↵erent cell phenotypes, which

have specific endogenous autofluorescence patterns [31]. Therefore, the background con-

tribution revealed by PC1 loading might be due to phenotypic di↵erences between the

analysed cells. PC1 loading also indicates the protein peaks at 932 cm�1, 999 cm�1 and

1028 cm�1 as responsible for the variation in the dataset.

The PC2 loading (Figure 3.3b) is less a↵ected by the background and provides a better

understanding of the statistical variance in the dataset. It shows that the DNA/RNA
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3.2 Multivariate analysis: PCA-LDA of the air-dried MSC lines

(a)

(b)

Figure 3.3: PCA of the MSC line datasets showing the loadings of (a) PC1, (b) PC2 and

(c) PC3, which accounted, respectively, for 34%, 23% and 10% of the total variance. The

peaks indicated in each loading were the major contributors of each PC score - continued

on the next page.
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3.2 Multivariate analysis: PCA-LDA of the air-dried MSC lines

(c)

Figure 3.3: Continued from the previous page. PCA of the MSC line datasets showing

the loadings of (a) PC1, (b) PC2 and (c) PC3, which accounted, respectively, for 34%,

23% and 10% of the total variance. The peaks indicated in each loading were the major

contributors of each PC score.
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3.2 Multivariate analysis: PCA-LDA of the air-dried MSC lines

vibrations, such as 742 cm�1, 779 cm�1, 1085 cm�1, 1237 cm�1, 1260 cm�1 and 1574

cm�1, and that the lipids and proteins peaks at 1444 cm�1, 1656 cm�1 and 1731 cm�1

were the major contributors for this PC scores.

Apart from the previously peaks, PC3 loading (Figure 3.3c) reveals that the lipids

vibration at 716 cm�1, the DNA/RNA peaks at 779 cm�1 and 970 cm�1, and the protein

peak at 932 cm�1 also contributed to the variation between the MSC lines.

Although PCA was not able to discriminate the four MSC lines, it revealed that most

of the variation in the dataset was represented by DNA/RNA and protein and lipid bands.

From global gene expression analyses, it is known that these cell lines segregate into two

distinct groups that share similar characteristics: Y101 and Y201 (01s) MSC lines versus

Y102 and Y202 (02s) MSC lines [84]. Significant di↵erences between these two groups

were observed in the expression of genes involved in the cell cycle, DNA replication and

other processes associated to cell replication, cell adhesion, endochondral ossification and

adipogenesis. In addition, these two groups also have distinct di↵erentiation capacities.

Thus, their spectra might be reflecting these intrinsic di↵erent characteristics associated

with DNA replication, cell proliferation and di↵erentiation competence.

LDA optimises data classification by maximising the between-group variance whilst

decreasing the within-group variance. Thus, LDA was applied to the dataset using the

principal components obtained from the PCA. This ensures that the data is reduced and

does not incorporate as variables the same number of observations [36]. However, not all

PCs can be used in the LDA as this causes an overfitting of the data. Thus, as proposed

by Chan et al. (2009), the number of PCs incorporated into the LDA should be half of

the number of spectra obtained for the smallest group, i.e., in the case of the MSCs this

corresponds to 18 PCs accounting for 95% of the variance in the dataset [36]. The combined

method of PCA-LDA has been used in the literature to demonstrate good separation and
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3.2 Multivariate analysis: PCA-LDA of the air-dried MSC lines

classification of healthy and tumorogenic bone cells [161], di↵erent bone cells such as

osteoblasts, alveolar bone cells and osteosarcoma [162], non-di↵erentiated human ESC

and their cardiac derivatives [36], and also between di↵erent prostatic adenocarcinoma

cell lines [32].

Figure 3.4 illustrates the separation that PCA-LDA achieved between the spectra of

the four air-dried MSC lines, with the group clustering easily identified. The two figures

show di↵erent rotations of the same scatterplot. The PCA-LDA was cross-validated with

a prediction algorithm. Two thirds of data (150 spectra obtained from the average of five

spectra/cell) were used for training the algorithm, while the other third (74 spectra, also

comprising the average of five spectra/cell) was used for the predictions. The spectra was

randomly chosen for both training and prediction testing, with the amount of selected

spectra being proportional to the size of each group.
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3.2 Multivariate analysis: PCA-LDA of the air-dried MSC lines

Figure 3.4: PCA-LDA three-dimensional score plots. The score plots show the discrim-

ination of the four MSC lines achieved with PCA-LDA. The two images show di↵erent

rotations for the same score plot.

The prediction results are shown in the confusion matrix presented in Table 3.2. A

total of six cells were misclassified, with all of them predicted as belonging to the Y102

cell line. From these wrongly predicted cells, one was from Y101 cell line, two from
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3.3 PIR analyses of the air-dried MSC lines

Y201 cell line and three from Y202 cell line. The percentage of wrong predictions was

8%, demonstrating this as a suitable method for their classification. If the groups of

di↵erentiation competent (Y101 and Y201) and di↵erentiation incompetent (Y102 and

Y202) cell lines are compared, 94% of the di↵erentiation competent cells are correctly

classified. This evidences the accuracy of the method in classifying the MSCs towards

their di↵erentiation capacity.

Table 3.2: Confusion matrix of the PCA-LDA classification algorithm results.

Predicted cell line

Cell line Y101 Y201 Y102 Y202

Y101 39 0 1 0

Y201 0 10 2 0

Y102 0 0 10 0

Y202 0 0 3 9

The results obtained with the PCA-LDA indicate that the spectra of the four MSC

lines are distinct. Although these four cell lines have not been previously fully discrimi-

nated by conventional methods, such as global gene expression [84], their Raman spectra

suggests that the four of them might be di↵erent. The PCA-LDA also reveals a full sep-

aration of the Y101 cell line from the others (Figure 3.4). Interestingly, this cell line

is capable of spontaneous osteogenic di↵erentiation and shows poor adipogenic compe-

tence [84]. Furthermore, as indicated by the PCA loadings, the major contributors of the

variation between spectra of the four MSC lines were the DNA/RNA, lipids and protein

peaks.

3.3 PIR analyses of the air-dried MSC lines

The PCA-LDA analysis confirmed the ability of RS to discriminate the four MSC lines

studied. PCA also suggested that the protein, lipids and DNA/RNA peaks contributed to
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3.3 PIR analyses of the air-dried MSC lines

the variation between the spectra of these lines. Although these four MSC lines express

the same panel of surface proteins, the RS results obtained so far indicate that they have

distinct characteristics. Thus, the use of ratiometric analyses, by means of peak intensity

ratios (PIRs), allows the underlying source of di↵erences to be identified.

These PIRs were calculated from the peak intensities obtained from the fitting of the

averaged spectra shown in Figure 3.1. The processes of peak fitting and PIR calculation

were described in Section 2.6.1.

Discriminatory Raman markers were observed for PIRs against peaks at 932 cm�1,

970 cm�1, 1060 cm�1, 1085 cm�1, 1549 cm�1 and 1615 cm�1 peaks, and are shown from

Figure 3.5 to Figure 3.10. The peaks at 932 cm�1, 1549 cm�1 and 1615 cm�1 are assigned

to proteins, while the peaks at 970 cm�1, 1060 cm�1 and 1085 cm�1 are associated to

DNA/RNA vibrations (Table 3.1). Peaks, such as the 932 cm�1, 970 cm�1 and 1085

cm�1, had already been associated to the PCA loadings (Section 3.2).

PIRs against the peaks at 932 cm�1, 1060 cm�1, 1085 cm�1, 1549 cm�1 and 1615

cm�1 discriminated the MSC lines into two groups, the 01s and the 02s. The PIRs against

the peak at 970 cm�1 were found to discriminate the four cell lines. The set of markers

obtained for each one of these PIRs are discussed next, initially for the PIRs obtained

against peaks related to DNA/RNA vibrations, and later for the PIRs calculated against

protein peaks.

At first, a reduced set of PIR markers obtained against the 1085 cm�1 peak is shown.

These Raman markers are in agreement with the previously published result obtained for

these MSCs and that comprised only one dataset for each cell line [84]. The PIRs obtained

against the 1085 cm�1 peak separate the 01 group (Y101 and Y201) from the 02 group

(Y102 and Y202), as shown in Figure 3.5. Although the group separation is maintained,

higher values were obtained for the 1656/1085 PIR in comparison to the first published
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3.3 PIR analyses of the air-dried MSC lines

dataset. This was due to a change in the fitting range for the 1656 cm�1 peak, thus

causing a change in its subtracted baseline. For the published dataset, the peak fitting

ranged from ⇠1600 cm�1 to ⇠1800 cm�1, while now the band was fitted from ⇠1500 cm�1

to ⇠1800 cm�1. This change was made to accommodate, in the same baseline, the small

peaks neighbouring the 1656 cm�1 peak (Figure 2.7).

The group separation obtained by the PIRs reflects the contrasting di↵erentiation ca-

pacity of these cell lines and can be used for their discrimination. The biggest separation

between 01s and 02s is noted for the PIR of peaks assigned to proteins and lipids (1444

cm�1 and 1656 cm�1). The PC2 and PC3 loadings also showed that these two peaks con-

tributed to the dataset variance (Figure 3.3b and c). Thus, the 1444/1085 and 1656/1085

PIRs confirm a di↵erence in the proteins and lipids relative to DNA/RNA between the

two groups. Additionally, the 970/1085 PIR was able to discriminate the four cell lines

(Figure 3.5). The variation in the relative intensity of the 970 cm�1 peak is discussed later

when the PIRs against it are presented.

As explained before, the CD317 protein, which has anti-viral properties, is highly

expressed in the Y102 and Y202 cell lines while absent for the Y101 and Y201 [84].

Thus, this population was used as control for the subpopulation discrimination. The PIRs

obtained for the MSCs were compared to those obtained from a primary sorted CD317+

population, from which 100 spectra were obtained across 20 cells (5 spectra/cell). The

intensity ratios obtained against the 1085 cm�1 peak confirmed the relatedness of this

sorted population fraction (CD317+) with the 02s group, indicating that they have the

same protein and lipid to DNA characteristics (Figure 3.6).

MSCs have similar morphologies and properties to non-di↵erentiating stromal cells

(fibroblasts), such as the expression of matrix proteins and the expression myofibroblastic

cells markers (↵-smooth muscle actin) [167]. Therefore, it is important to be able to
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Figure 3.5: PIR comparison for the MSCs against the 1085 cm�1 peak. This peak is as-

signed to lipids, carbohydrates, phospholipids and DNA/RNA (PO�
2 DNA/RNA stretch-

ing vibration). The results show the separation of for the four MSC lines into two groups:

the 01 group (Y101 and Y201) and the 02 group (Y102 and Y202). The error bars are

the propagation of the fitted intensity SEs.

identify and discriminate one from the other. RS combined with PCA has already been

used to discriminate HDFs from MSCs [31]. Thus, human dermal fibroblasts (HDFs) were

used as non-MSC control and their PIRs markers were compared to those obtained from

the MSC lines. The PIRs against the 1085 cm�1 peak revealed that the HDFs are very

similar to the 02 group (Figure 3.7). However, two very distinct features, highlighted by the

780/1085 and 1237/1085 PIRs, discriminated the HDFs from the MSCs. Both 780 cm�1

and 1237 cm�1 peaks have in common vibrations of the DNA/RNA molecules. These

results show the relatedness between 02s and HDFs, both di↵erentiating incompetent,

whilst still providing Raman markers for the discrimination of the MSCs from the HDFs.

The discrimination of cells by means of protein-to-DNA intensity ratios was used by
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Figure 3.6: PIR comparison against the 1085 cm�1 peak between the MSC lines and the

CD317+ primary MSC fraction. The error bars are the propagation of the fitted intensity

SEs.

Schulze et al. (2010), for discriminating between di↵erentiated and non-di↵erentiated

human embryonic stem cells (ESCs) [33]. Their discriminatory intensity ratios were cal-

culated between the intensity of the protein-related peak at 757 cm�1 and the nucleic acid

band at 784 cm�1 [33]. Other Raman markers used to discriminate between di↵erenti-

ated and non-di↵erentiated live murine ESC, were obtained by Notingher et al. (2004),

who noted that the relative intensity of peaks assigned to RNA (813 cm�1) and DNA (786

cm�1) decreased 75% and 50% respectively, over 16 days of di↵erentiation. Similar relative

decreases in the RNA and DNA bands that were also noted in a live-cell study of human

ESC during cardiomyocyte di↵erentiation provided discrimination between di↵erentiated

and non-di↵erentiated cells [36]. Thus, aiming to identify if there were any other markers

with the ability to separate the two groups, an expanded set of PIRs against the 1085 cm�1

peak was calculated. These PIRs were obtained from intensity ratios containing all peaks
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Figure 3.7: PIR comparison against the 1085 cm�1 peak between the MSC lines and the

HDFs. The error bars are the propagation of the fitted intensity SEs.

and only the discriminatory Raman markers are shown in Figure 3.8a. The expanded set

confirms that the separation of the 01s and 02s is pertained to a di↵erence in proteins and

lipids relative to DNA/RNA.

Similarly, the PIRs obtained against the 1060 cm�1 peak are also presented as an

expanded set of markers (Figure 3.8b). These Raman markers made even more evident

the separation between the 01 group and the 02 group. However, the 1060 cm�1 peak

has a very low relative intensity, which results in the much higher values obtained for the

markers. Although it gives similar group separation, this is a di�cult peak to be fitted as

it is convolved with the 1085 cm�1 peak. The 1060 cm�1 peak is also assigned to lipids,

carbohydrates, phospholipids and DNA/RNA (Table 3.1). For the band ranging 1060–1100

cm�1 the DNA/RNA vibration observed is the symmetric phosphate backbone stretch

[32,40,41,43,66,141,154,164]. Thus, the discrimination of 01 and 02 groups, obtained by
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Figure 3.8: Expanded set of discriminatory PIRs for the MSCs against the (a) 1085 cm�1

and (b) 1060 cm�1 peaks, showing the separation of the lines into two groups: 01 group

(Y101 and Y201) and 02 group (Y102 and Y202). The error bars are the propagation of

the fitted intensity SEs.

these ratios, reinforces the di↵erences in lipids and proteins relative to DNA/RNA.

Such group separation against DNA/RNA peaks may be the e↵ect of a di↵erence in
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3.3 PIR analyses of the air-dried MSC lines

the nucleus size of the 01s and 02s MSCs, causing a variation in the density distribution

of such molecules in the nucleus. Di↵erent molecular densities in cell lines with di↵erent

nuclear size have been noticed with RS in a study conducted by Chan et. al (2006) that

compared normal human lymphocytes with transformed lymphocyte cell lines [168]. The

larger nucleus of the transformed cells was found to a↵ect the compactness of chromatin

and the concentration of DNA in the probed volume, concluding that the DNA density

decreased for larger nuclei, while the overall DNA content increased [168]. Although not

significantly di↵erent, the Y102 and Y202 cells have slightly greater area and cell perimeter

than the Y101 and Y201 (Appendix E, Figure E.2), indicating the likelihood of di↵erent

molecular densities in the probed volume. Therefore, since the PIRs for the 02s group

calculated against DNA/RNA (1060 cm�1 and 1085 cm�1) peaks had higher values than

those obtained from the 01s group, it could be assumed that they have smaller DNA/RNA

densities within the probed volume, in agreement with their slightly larger nuclei sizes.

Discriminatory PIRs of the four MSC lines were identified against the 970 cm�1 peak

(Figure 3.9), which is assigned to vibrations of proteins and DNA/RNA (Table 3.1). In the

image, the 875/970 PIR seems overlapped between the cell lines, as the choice of scale is

unable to show it to be a distinct marker. The 970 cm�1 peak and other protein and lipid

peaks were revealed as major contributors of the PC3 loading of the principal component

analysis (Figure 3.3c).

As the PIRs against the 970 cm�1 peak were fully discriminatory these markers were

also calculated for the CD317+ primary fraction and HDFs to further compare against the

MSCs. While previous PIRs against the 1085 cm�1 peak mainly showed a relatedness of

the CD317+ population to the 02 group (Figure 3.6), the PIRs against the 970 cm�1 peak

present a match between the CD317+ and Y102 cell line (Figure 3.10a). These markers

also show that the HDF results oscillate between the Y201 and Y102 PIRs (Figure 3.10b).
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Figure 3.9: Discriminatory PIRs for the MSCs against the 970 cm�1 peak (assigned to

proteins and DNA/RNA vibrations). The graph shows only PIRs that fully discriminate

the four undi↵erentiated MSC lines: Y101, Y201, Y102 and Y202. The error bars are the

propagation of the fitted intensity SEs.

They exhibit evidence of close similarities between the PIRs of the HDFs with the Y202

line that were not evident from the PIRs against the 1085 cm�1 peak .

Discriminatory PIRs against the 970 cm�1 peak confirm that the greatest di↵erences

between the four cell lines is found for ratios of proteins and lipids against DNA/RNA

vibrations. Other PIRs of peaks assigned only to DNA/RNA nucleic acids, such as the

664 cm�1, 742 cm�1, 779 cm�1 or 1574 cm�1 peaks, against the 970 cm�1 peak did not

discriminate between the four cell lines. It is also noticed, from Figure 3.9, that a variation

of the 970 cm�1 peak intensity relative to other cellular components, across the cell lines,

allowed the discrimination of the four MSC lines. Thus, it is important to investigate the

possible causes of such variation.

Although assigned to vibrations of proteins and DNA/RNA, the 970 cm�1 band is very

closely positioned to the hydroxyapatite (HAP) band at 960 cm�1 (957–970 cm�1), which
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Figure 3.10: PIR comparison against the 970 cm�1 peak (assigned to proteins and

DNA/RNA vibrations) between MSCs and (b) the primary sorted CD317+, and (b) the

HDFs. The error bars are the propagation of the fitted intensity SEs.
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3.3 PIR analyses of the air-dried MSC lines

is an indication of osteogenic di↵erentiation [35, 127, 131]. The mineralisation process

during cell di↵erentiation can be assessed by detecting hydroxyapatite or its precursors,

such as amorphous calcium carbonate (ACC), octacalcium phosphate (OCP), �-tricalcium

phosphate (�-TCP) and dicalcium phosphate dehydrate (DCPD) [35,131,134]. However,

the spectra obtained from the MSCs reflect their undi↵erentiated state. Thus, although

the Y101 cell line has the capability of spontaneously di↵erentiate into osteoblasts, HAP

or its precursors were not observed for this cell line.

The 970 cm�1 peak is assigned to phosphorylated proteins and cellular nucleic acids by

Movasaghi et. al (2007) [154], Meurens et. al (1996) [157] and Wong et. al (1991) [158].

Both works of Meurens et. al (1996) andWong et. al (1991) credited the appearance of this

peak to cancerous cells and malignant tissues. However, no evidence of tumourigenicity

in the MSC lines was found using in vitro colony-transformation assays for non-adherent

growth [84]. Therefore, the relative variations in the intensity observed for this peak

cannot be credited to the presence of cancerous cells.

The appearance, in all spectra, of the 1731 cm�1 peak, which becomes apparent after

a width shrinkage of the 1656 cm�1 band, indicates the presence of carbonyl (C=O)

stretching vibrations associated with oxidative damage occurring during cell death [43,44].

A study performed on dying HeLa cells noticed an increase in the relative intensity of peaks

assigned to DNA and RNA, which was then associated to DNA condensation [43]. The

970 cm�1 peak is also assigned to a C-O-P phosphodiester residue by Matthaus et. al

(2008) [40] and to vibrations of the deoxyribose in B-DNA by Prescott et. al (1984) [169].

Thus, as a consequence of the cell death process, the variations in the relative intensity

of this peak could be related to the DNA condensation. However, peaks assigned only to

nucleic acid vibrations showed constant relative intensities and did not provide any cell

line discrimination when PIRs were calculated against them.
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3.3 PIR analyses of the air-dried MSC lines

It is important to highlight that the results presented here correspond to experiments

performed on air-dried samples. Along with desiccation, air-drying is considered one of

the most e↵ective methods of preserving cells for Raman experiments, as cell responses

to fixatives are dependent on their internal structure and membrane components [45].

However, dehydration causes loss of structural integrity and leads to cell death [170]. Al-

though during the desiccation process there is a shrinkage of capsular layers, a crowding

of macromolecules, changes in volume of cell compartments, changes in biophysical prop-

erties and damage to external layers, some human cells might still tolerate desiccation for

short periods [170,171]. An increase in the phosphorylation of proteins was noted as early

as 30 min in human embryonic kidney cell lines, showing that human cells react rapidly

to desiccation by mitogen-activated protein kinase (MAPK) activation [172]. Thus, since

the 970 cm�1 peak is also assigned to vibrations of phosphate monoester groups of phos-

phorylated proteins and DNA/RNA nucleic acids [154, 157, 158], this might indicate that

the variations in its relative intensity could be related to the air-drying process. Protein

phosphorylation also has a regulatory role in cell death mechanisms, for which two di↵er-

ent cell pathways may occur: apoptosis or necrosis [173]. The apoptosis pathways are very

complicated and involve a large number of proteins, however they also imply an increase

in the phosphorylation of proteins [173].

Other PIRs against the 932 cm�1, 1549 cm�1 and 1615 cm�1 protein peaks, reveal

some more details about the possible changes caused by the air-drying process. Although

they all discriminate the MSCs into 01s and 02s (Figures 3.11 and 3.12), discriminatory

PIRs of the four cell lines are observed for the 970/1549 and 970/1615 PIRs (Figure 3.12a

and b). Additionally, the 970/932 PIR discriminates the two 01 cell lines, whilst grouping

the 02 together (Figure 3.11). The relative intensity of the 970 cm�1 peak against the

932 cm�1 peak is similar for the 02 MSCs, higher for the Y101 cell line and lower for the
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Figure 3.11: Expanded set of MSCs discriminatory PIRs against the 932 cm�1 peak,

showing the separation of the cell lines into two groups: 01 group (Y101 and Y201) and

02 group (Y102 and Y202). The error bars are the propagation of the fitted intensity SEs.

Y201 cell line. Both peaks had been previously indicated by the PCA loading 3 (Figure

3.3c). Thus, the variations in the relative intensity of the 970 cm�1 peak could be the

reflex of di↵erent protein phosphorylation between the MSC lines as result of air-drying

or cell death.

The 1549 cm�1 and 1615 cm�1 peaks correspond to tryptophan and to tyrosine vi-

brations (Table 3.1). Both tyrosine and tryptophan are common proteins involved in

intrinsic and extrinsic pathways of apoptosis [174], where tyrosine phosphorylation has

been assumed as a protection mechanism against apoptosis [173]. Thus, the MSC group

separation provided by the PIRs obtained against the 1549 cm�1 and 1615 cm�1 peaks

might also indicate that 01s and 02s respond di↵erently to the air-drying process, a char-

acteristic that still made possible their discrimination.

In summary, from all PIR makers obtained, it was noticed that those calculated against

protein (932 cm�1, 1549 cm�1 and 1615 cm�1) and DNA/RNA (1060 cm�1 and 1085
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4

3

2

1

0

Pe
ak

 in
te

ns
ity

 ra
tio

 (
PI

R)
 b

io
m

ar
ke

rs

970 1060 1237 1335 1574

Raman shift (cm-1
)

Ratios relative to 1549 cm-1 (Proteins)

12

10

8

6

4

2
1444 1656 1683

Li
pi

ds
 &

 p
ro

te
in

s

Pr
ot

ei
ns

 &
 li

pi
ds

Pr
ot

ei
ns

& 
DN

A/
RN

A

Li
pi

ds
, c

ar
bo

hy
dr

at
es

,
ph

os
ph

ol
ip

id
s 

& 
DN

A/
RN

A

Pr
ot

ei
ns

, l
ip

id
s

& 
DN

A/
RN

A

DN
A/

RN
A

Pr
ot

ei
ns

& 
DN

A/
RN

A

Li
pi

ds
 &

 p
ro

te
in

s

 Y101  Y102
 Y201  Y202

(a)

1.2

1.0

0.8

0.6

0.4

0.2

Pe
ak

 in
te

ns
ity

 ra
tio

 (
PI

R)
 b

io
m

ar
ke

rs

755 970 1028 1060 1203 1237 1335 1574

Raman shift (cm-1
)

Ratios relative to 1615 cm-1 (Proteins)

3.5

3.0

2.5

2.0

1.5

1.0

0.5
999 1444 1656 1683

Li
pi

ds
 &

 p
ro

te
in

s

Pr
ot

ei
ns

Pr
ot

ei
ns

& 
DN

A/
RN

A

Li
pi

ds
, c

ar
bo

hy
dr

at
es

,
ph

os
ph

ol
ip

id
s 

& 
DN

A/
RN

A

Pr
ot

ei
ns

, l
ip

id
s

& 
DN

A/
RN

A

DN
A/

RN
A

Pr
ot

ei
ns

& 
DN

A/
RN

A Li
pi

ds
 &

 p
ro

te
in

s

Pr
ot

ei
ns

DN
A/

RN
A

Pr
ot

ei
ns Pr

ot
ei

ns
 &

 li
pi

ds

 Y101  Y102
 Y201  Y202

(b)

Figure 3.12: Expanded set of MSCs discriminatory PIRs against the (a) 1549 cm�1 and

the (b) 1615 cm�1 peaks, showing the separation of the cell lines into two groups: 01 group

(Y101 and Y201) and 02 group (Y102 and Y202). The error bars are the propagation of

the fitted intensity SEs.
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3.4 Population heterogeneity

cm�1) vibrations allowed the discrimination between di↵erentiation competent and in-

competent MSC lines. One of the aims of this chapter was to investigate the MSCs prior

being induced into di↵erentiation, thus verifying if RS would be able to discriminate them.

The results presented so far attest that RS depicted di↵erences between these cell lines

can be used for their discrimination.

The MSC heterogeneity is one of the major drawbacks in their application into re-

generative medicine. So far the discrimination of di↵erentiation competent cells and their

progenitors lacks of an unique marker and is done only by a panel of surface expressed pro-

teins [96] that may still not result in homogeneous populations [84, 120, 121]. Thus, from

the results obtained, RS can be used to assess MSC heterogeneity, identifying subpopula-

tions and providing markers for the selection of cells prone to undergo di↵erentiation.

However, the results of this chapter were drawn from experiments performed on air-

dried cells. Thus, it is important to verify the consistency of the PIR markers obtained

across di↵erent experimental repeats and between a single-cell and the population average.

These investigations are discussed in the next sections of this chapter. Nonetheless, in

order to validate that the variations, across the cell lines, for the relative intensities of

the 970 cm�1, 1549 cm�1 and 1615 cm�1 peaks are related to the air-drying process, it

is necessary to conduct live cell analyses of the MSC lines. These live-cell analyses are

discussed in Chapter 4.

3.4 Population heterogeneity

3.4.1 Convergence tests

One method to evaluate the heterogeneity of the cell populations included in this study,

is the examination of the %SE associated to PIRs, the SE and 2x SD over the full av-
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3.4 Population heterogeneity

eraged spectrum against the number of collected spectra. These tests are here termed

’convergence tests’ and were described in Section 2.6.2. These convergence tests assess the

quantity of spectra needed for each sample, so that the lowest SE of the peak intensities is

achieved for that dataset. The convergence tests ensure that the statistics are converged

and that the averaged spectra represents the population average.

The SE and 2x SD graphs obtained for each experiment performed for the air-dried

MSCs are displayed in Appendix B, Sections B.2 and B.3. Examples of these graphs

are shown in Figure 3.13. These graphs show how the SE and 2x SD change with the

increasing number of spectra in the spectral average. The SE decreases as the number of

averaged spectra increases, converging to a minimum error value (Figure 3.13a).

On the other hand, the 2x SD curves oscillate between a mid point, with its amplitude

decreasing as the number of spectra increased (Figure Figure 3.13b). The 2x SD graphs

show, in general, that most of the dispersion in the peaks relative intensities are observed

for the 970 cm�1 (proteins and DNA/RNA), 1085 cm�1 (lipids, carbohydrates, phospho-

lipids and DNA/RNA), 1237 cm�1 (proteins, lipids and DNA/RNA), 1305 cm�1 (proteins,

lipids and DNA/RNA), 1335 cm�1 (proteins and DNA/RNA), 1444 cm�1 (proteins and

lipids) and 1656 cm�1 (proteins and lipids) bands. Apart from the latter two bands, all

other bands comprise vibrations of DNA and RNA molecules.

The third test used was the %SE convergence associated with the PIRs. Two ratios

were considered for this test: the 970/1085 PIR, which discriminated the four MSC lines,

and the 1656/1085 PIR, which showed the largest separation between groups of di↵er-

entiation competent (Y101 and Y201) and incompetent (Y102 and Y202) cell lines. For

both PIRs the %SE was calculated and plotted against the number of averaged spectra.

The graphs obtained for each experiment are presented in Appendix B, Section B.1. An

example of this %SE convergence test is shown in Figure 3.14. Each graph was fitted with
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Figure 3.13: Example of the (a) SE and (b) 2x SD convergence tests. These examples

show the convergence of the SE and 2x SD, associated to the peak intensities, with the

increasing number of spectra in the spectral average.
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3.4 Population heterogeneity

an exponential curve (Equation A.2.2 from Appendix A), from which the decay constant

(⌧) and the converged %SE value (y0) were used to measure the heterogeneity associated

with each population.
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Figure 3.14: Example of %SE convergence test. It shows the decay of the %SE associated

with the 970/1085 PIR as the number of averaged spectra increases. The red line represents

the exponential fitted function.

Table 3.3 presents the average PIR decay constant of cell populations and the minimum

%SE achieved. A smaller ⌧ is related to a more rapid decay of the exponential curve,

meaning that a sample converges to a minimum value of the standard error with a smaller

quantity of data across the population. In other words, the decay constant may be used

to measure the heterogeneity of the population, as a smaller constant would compare to

a more homogeneous sample.

From the decay constant obtained for the 970/1085 PIR (protein and DNA/DNA

ratio) it can be observed that all MSC lines have decay rates smaller than the HDF and

K72 populations, indicating that they are more homogeneous than the others. Amongst

the four MSC lines, Y201 is the most homogeneous of them with a mean decay rate of
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3.4 Population heterogeneity

Table 3.3: Average of the decay constants and converged %SE obtained for 970/1085

and 1656/1085 PIRs for the di↵erent cell populations analysed, along with the number

of experiments performed. A smaller decay constant is related to a rapid decay of the

%SE. For the MSC lines (Y101, Y201, Y102 and Y202) the maximum and minimum

decay constants obtained are shown in the brackets. For the other cell types, since the

experiments were performed once, the uncertainty corresponds to the standard deviation

of the exponential fitting.

PIR 970/1085 PIR 1656/1085

Sample Exp.

repeats

Averaged decay

constant (⌧)

Converged

%SE

Average decay

constant (⌧)

Converged

%SE

Y101 6 10.0 (6.2–14.0) 7.0 (4.5–8.6) 7.8 (4.4–11.9) 7.3 (6.6–8.6)

Y201 2 8.5 (5.7–11.6) 9.5 (7.6–11.6) 12.5 (9.1–16) 8.0 (5.8–10.6)

Y102 2 9.0 (5.5–12.0) 8.5 (7.3–9.5) 8.5 (7.2–9.9) 9.0 (7.4–10.5)

Y202 2 11.0 (10.0–12.7) 8.5 (5.8–12) 6.5 (5.4–8) 10.5 (7.5–13.8)

CD317+ 1 7 ± 1 7.0 ± 0.6 7 ± 1 7.0 ± 0.5

HDF 1 14 ± 1 6.0 ± 0.3 15 ± 1 7.0 ± 0.4

K72 1 17 ± 2 5.0 ± 0.3 15 ± 3 4.0 ± 0.7

8.5, ranging from 5.7 to 11.6 for the two repeat experiments performed. In comparison,

the decay constant for Y202 shows it is the most heterogeneous of them, with a mean

decay rate of 11 and ranging from 10 to 12.7 for the two experimental repeats. The

CD317+ sorted primary fraction is the most homogeneous with a decay constant of 7 ±

1, however only one experiment was performed for this population. With decay constants

of 14 ± 1 and 17 ± 1, the HDFs and primary K72, respectively, are depicted as the most

heterogeneous of all samples. The average converged %SE was below 10% for all samples.

Similar results were obtained for the 1656/1085 PIR (proteins and lipids/DNA ratio).

Its decay constant is also smaller for the MSC lines than for the primary K72 and HDF

cells. The CD317+ sorted primary presented a decay constant in the same range observed

for the MSCs. However, when only the MSC lines are considered, the Y201 is indicated

as the most heterogeneous sample, whilst Y202 as the most homogeneous. The converged

%SE was again below 10% for all samples, apart from Y202, which presented a value of
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3.4 Population heterogeneity

10.5% for the 1656/1085 PIR. Thus, although this cell line had the smallest decay rate,

which can indicate its homogeneity, the SE converged to higher values than the other lines.

The studied MSCs are clonal lines derived from single-cell colonies obtained from a sin-

gle donor and selected for their strong clonal and stable growth characteristics [84]. Thus,

it was expected that they would be more homogeneous than the primaries. However, as

seen for the minimum and maximum decay constant and converged %SE values, popula-

tions with di↵erent heterogeneous characteristics were analysed. Clonal heterogeneity in

the di↵erentiation potential had already been noticed on immortalised MSCs, suggesting

that MSCs had subgroups of cells [81]. However, the heterogeneity observed for the same

MSC subpopulations is consistent with di↵erences in the expression levels of cell-cycle and

extracellular matrix genes observed for single-cells within the same colony, which then

displayed di↵erent potential for di↵erentiation and proliferation [120].

Bone marrow cells form colonies of adherent cells with fibroblast-like characteris-

tics [93]. These primary populations contain cells that have progenitor properties and

multi-potent di↵erentiation capacity (the MSCs), and others unable to di↵erentiate, which

are called fibroblasts [80, 93]. Thus, the higher values obtained for the decay constants

associated to these two populations (K72 and HDF) reflect their heterogeneity. The pri-

mary sorted CD317+ fraction represents ⇠1%–3% of a primary MSC population [84],

thus the lower decay constant achieved for the CD317+ agrees that they had been sorted.

However, although these results agree with literature observations about these cells, they

constituted only one experimental repeat. Thus, since a broader range was observed for

the MSC’s decay constant, the values obtained for the HDFs, K72 and CD317+ could be

representing minima and maxima observations for these cells if they were repeated.

The convergence test results show that the uncertainties had converged and that the

averaged spectra is a statistically converged representation of the population averages used
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for the PIR analyses. However, to be used as a method for assessing the heterogeneity

degree of a population, many more experimental repeats would be needed.

3.4.2 PIR analyses and population heterogeneity

The proposed convergence tests indicated a degree for the heterogeneity associated with

each cell line or cell type. This section explores how the heterogeneity a↵ects the ratiomet-

ric analysis by comparing the di↵erent experiment repeats through the PIRs against the

1085 cm�1 peak (lipids, carbohydrates, phospholipids and DNA/RNA), which provided

the discrimination of the 01 and 02 groups, or in other words, between the di↵erentiation

competent and incompetent cell lines.

Figures 3.15 show these PIR comparisons for Y101 and Y201 cell lines, while Figure

3.16 presents the same comparisons for the Y102 and Y202 cell lines. The experiments

were repeated six times for the Y101 cell line. The four experimental repeats shown

for Y201 cell line include two datasets (Y201p74 and Y201p95) of experiments and data

analyses performed independently by Sam Hollings. For the other cell lines, Y102 and

Y202, the experiments were repeated twice.

The 970 cm�1 peak (proteins and DNA/RNA) is one of the most a↵ected spectral

bands throughout the experimental repeats performed for the MSC lines (Figures 3.15

and 3.16). The 970/1085 PIR varied mostly for the Y101 cell line, with small variations

observed for the other cell lines. Although the Y101 cell line can spontaneously start

osteogenic di↵erentiation, as explained in the previous section, no evidence for the hy-

droxyapatite or its precursors was found. Other minor di↵erences are observed for the

999/1085 and 1656/1085 PIRs, but mainly for Y101 and Y201 cell lines (Figures 3.15).

The 999 cm�1 peak is assigned to the phenylalanine, while the 1656 cm�1 peak is related

to the C=C stretch in proteins and lipids (Table 3.1).
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Figure 3.15: Comparison of PIRs against the 1085 cm�1 peak between di↵erent exper-

iment repeats performed for the (a) Y101 and (b) Y201 MSC lines. The Y201p74 and

Y201p95 repeats (in grey) were performed independently by Sam Hollings. The error bars

are the propagation of the fitted intensity SEs.
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Figure 3.16: Comparison of PIRs against the 1085 cm�1 peak between di↵erent ex-

periment repeats performed for the Y102 and Y202 MSC lines. The error bars are the

propagation of the fitted intensity SEs.
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The 970 cm�1 and 999 cm�1 peaks are fitted together in the same band envelope, while

the 1656 cm�1 peak is fitted in the same band envelope of other seven peaks. Thus, these

variations could also be a↵ected by fitting di↵erences in these complicated regions. Another

possibility is that factors such as the cell cycle and the use of cells harvested after sub-

culturing are causing variations in the Raman spectra obtained from single-cells [40,175].

This has not been the case, as the investigated MSCs were cell cycle synchronised and

the cells were harvested from cultures when ⇠70–80% of confluence had been reached, as

described in Sections 2.2.2 and 2.2.3.

Bai et al. (2015) showed that Raman spectra of senescent and young human umbilical

cord MSCs presented di↵erences in the relative intensity of the 934 cm�1, 980 cm�1, 1003

cm�1, 1097 cm�1, 1127 cm�1, 1157 cm�1, 1174 cm�1 and 1521 cm�1 peaks [176]. Among

these di↵erences there is the inclusion of the 980 cm�1 peak for the spectra of senescent

cells. However, although the di↵erences were visible in the spectra obtained by them,

their results pertaining the 980 cm�1 band were not statically significant due to the large

standard deviations they obtained for this peak [176]. It is important to highlight that

Bai et al. investigated primary MSCs, which lose multipotent di↵erentiation capacity

and have their replicative potential reduced with increasing cell doublings [79, 93, 124].

The MSC lines investigated in this thesis were immortalised using human telomerase

reverse transcriptase (hTERT) and, therefore, do not su↵er from a limited lifespan due to

senescence [84].

In the previous sections, the variations in the relative intensity of the 970 cm�1 peak

were linked to the air-drying process. However, this still has to be validated with the

analysis of live-cells. In general, major di↵erences, across the cell lines, for the 970/1085

PIR were only observed for the Y101 cell line, which indicates that the variations observed

for the other cell lines and PIRs would not compromise their discrimination if this method
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3.4 Population heterogeneity

is used.

3.4.3 Spatially-resolved Raman images

The analyses of air-dried cells allowed maps of the cell nucleus to be performed. Raman

maps provide the identification of di↵erences in the morphology of the MSCs that could

be linked to their discrimination. The number of spectra obtained in each map varied with

each nucleus size. The spatially-resolved Raman images were constructed based on the

values of the 1656/1085 PIR. This was one of the PIRs responsible for the grouping of the

01s (Y101 and Y201) and the 02s (Y102 and Y202) and presented the biggest separation

between the two groups (Figures 3.5 and 3.8a). This PIR is related to ratios of proteins

and lipids to DNA/RNA (Table 3.1). Other peaks that also provided discrimination, such

as the 1549 cm�1 and 1615 cm�1 peaks, or the 970 cm�1 peak, which separated the four

cell lines, were not used as they might be associated with biomolecular changes due to the

air-drying process.

Raman maps of the nuclei of the MSCs were constructed for the 1656/1085 intensity

ratio, as explained in Section 2.7 and are shown in Figure 3.17. From these spatially-

resolved Raman images, it can be noticed that the Y101 and Y201 sampled cells have

slightly smaller nuclei compared to the Y102 and Y202, which is in agreement with their

measured nuclei perimeter and area (Appendix E, Figure E.2). The Y101 and Y201 lines

have elongated fibroblastoid morphology, which is typical of MSCs, whereas the Y102 and

Y202 cell lines were flattened and spread [84]. However, their nuclei shapes may have been

distorted by the manual selection of the mapped area.

The maps showed that both the Y101 and Y201 cell lines have similar values for the

PIR, which is evenly distributed in the nucleus area (Figure 3.17 (a) and (b)). In contrast,

the mappings of the Y102 and Y202 MSC lines revealed areas that concentrated very
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Figure 3.17: Spatially-resolved Raman maps from the nucleus of single cells representing

the 1656/1085 PIR for the MSC lines Y101, Y201, Y102 and Y202. The x and y axes are

the spatial coordinates (in µm) of each spectrum.

intense PIR values, ranging from value of 11 to 20, located near the centre and towards

the periphery of their nuclei (Figure 3.17 (c) and (d)).

These areas with higher PIRs values can be identified as the nucleoli, which are nuclear

subcompartiments of ribosome formation and consist of a network of RNAs and proteins

[48]. The nucleolus is a huge aggregate of macromolecules and unlike other cell organelles it

is not bound by a membrane [177]. Its structure is formed by granular components (GCs),

fibrilar centres (FCs) and dense fibrilar components (DFCs) [178]. RS has already been

used to identify the biomolecular composition of these structures, showing that the DFCs

had high RNA content, the FCs were DNA-rich regions, while the GCs were protein-rich

regions [48]. The red areas in the maps could, therefore, be explained as being GC regions
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3.4 Population heterogeneity

of the nucleolus since the mapped ratio (1656/1085) is associated with protein vibrations.

As the nucleolus is a very dynamic organelle, its number, size and shape can vary

greatly depending on the cell type, cell-cycle and culture conditions. It is self-organised

and also involved in the cell cycle regulation [178]. The nucleolus has its own cycle,

disassembling each time the cell goes through mitosis and re-assembling during G1 [177].

The ploidy experiment shows that the serum starvation, through which the cells were

synchronised, has pushed them towards G0/G1 and S phase, with particularly more 02

cells found in the S phase (Appendix E, Figure E.3). The fact that more cells from Y102

and Y202 populations were in the S phase suggests that they had their nucleoli already

re-assembled, explaining the morphological di↵erences captured by the Raman maps.

A relative frequency distribution of the 1656/1085 PIR is presented in Figure 3.18.

The relative distribution means that the number of PIR occurrences had been normalised

to the total number of spectra obtained from the di↵erent nuclei sizes.
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3.4 Population heterogeneity
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Figure 3.18: Relative frequency distribution of the 1656/1085 PIR from the spatially-

resolved Raman maps of the MSC lines Y101, Y201, Y102 and Y202. The relative fre-

quency distribution means that the number of occurrences was normalised to the mapped

nucleus area as the cells have di↵erent nuclear sizes.

From Figure 3.18 it can be seen that, similar to the markers obtained for the averaged

spectra (Figures 3.5 and 3.8a), the distribution shows group separation of the MSCs.

Specifically, Y101 and Y201 have similar distributions of low values for the 1656/1085

PIR, with the most frequent value being six, while Y102 and Y202 has the value eight as

the most frequent 1656/1085 PIR. The di↵erent distributions of the 1656/1085 PIR for

01s and 02s are, therefore, related to the phenotypic di↵erences revealed by the Raman

images and are correlated to the previously obtained Raman markers.
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3.5 PIR analyses of primary MSCs

3.5 PIR analyses of primary MSCs

Primary MSC populations are known for being heterogeneous and containing cells with

contrasting di↵erentiation capacities, as well as containing cells that may or may not have

progenitor characteristics [80, 93]. Thus, RS was applied to single cells from a hetero-

geneous primary MSC population (K72), with the aim to characterise them against the

clonal hTERT MSC lines. For these comparisons, three random cells had their nuclei

mapped just for collecting a greater quantity of spectra. This map data collection was

described in Section 2.3. The average of the 36 spectra obtained from the nucleus of each

of the three di↵erent single cells investigated along with their optical images is shown in

Figure 3.19.

Two di↵erent sets of peak intensity ratios were calculated for these cells: against 1085

cm�1 and against 970 cm�1, since these bands were used to discriminate between the 01

and 02 group as well as to perform full cell line discrimination. The comparison of the

PIRs from these three K72 primary cells against those obtained for the hTERTMSC clonal

lines are presented in Figures 3.20, 3.21 and 3.22. K72 cell 1 showed similar markers to the

02 group for the PIRs against 1085 cm�1 (Figure 3.20a). However, its markers oscillated

between the Y102 and Y201 cell lines, specifically for the 1305/970 and 1549/970 PIRs,

which identified it as Y201 (Figure 3.20b). This shows that while this cell has closer

molecular features to the 02s group it also has a Y201-like constitution.

K72 cells 2 and 3 have their markers positioned alongside the 01 group for most of

the 1085 cm�1 PIRs and all their PIRs against the 970 cm�1 peak are siting bellow the

Y101 PIRs (Figures 3.21 and 3.22). This was due to the higher relative intensity of the

970 cm�1 peak against peaks of other cellular components for these two cells, as seen in

Figure 3.19. Such higher relative intensity for the 970 cm�1 peak is a characteristic of the

Y101 cell line, being not present in the other cell lines.
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3.5 PIR analyses of primary MSCs

Figure 3.19: Raman spectra of single cells from the K72 primary population alongside

their optical images (the scale bar is 20 µm). The spectra represent the mean of 36 spectra

collected in the nucleus of each cell and are shown with their standard error envelopes.

Although only three cells were analysed for this primary MSC population, the variable

profile on the PIRs obtained from cell to cell correlates with the heterogeneity of such

populations. However, the results obtained against the 970 cm�1 peak have to be carefully

considered as this peak seems to be a↵ected by the air-drying process. While this is still

an exploratory attempt, the results showed that cells with the same biomolecular profile
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Figure 3.20: Raman markers from PIRs against peaks at (a) 1085 cm�1 and (b) 970

cm�1 for K72 cell 1. The PIRs are compared to those obtained for the Y101, Y201, Y102

and Y202 MSC lines.
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Figure 3.21: Raman markers from PIRs against peaks at (a) 1085 cm�1 and (b) 970

cm�1 for K72 cell 2. The PIRs are compared to those obtained for the Y101, Y201, Y102

and Y202 MSC lines.
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Figure 3.22: Raman markers from PIRs against peaks at (a) 1085 cm�1 and (b) 970

cm�1 for K72 cell 3. The PIRs are compared to those obtained for the Y101, Y201, Y102

and Y202 MSC lines.
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of the human immortalised MSC lines can be identified, using RS, in a primary MSC

population.

3.6 Conclusions

The four immortalised clonal MSC lines studied have contrasting di↵erentiation capaci-

ties, while the Y101 and Y201 are trilineage (osteogenic, adipogenic and chondrogenic)

competent, the Y102 and Y202 are not. However, both groups (01s and 02s) express the

cell-surface antigens commonly used to identify cells with progenitor ability and di↵er-

entiation capacity. Additionally, the four cell lines were not discriminated by standard

methods such as global gene expression. Unlike other cell types, such as haemotopoi-

etic stem cells, MSCs lack recognised and widely adopted markers thus representing an

excellent population for investigating the discriminating capabilities of RS.

Multivariate analysis (PCA-LDA) discriminated the spectra of the four air-dried MSC

lines. The percentage of wrong predictions achieved by the PCA-LDA algorithm was 8%,

demonstrating it as a suitable method for the MSC lines classification. The percentage

achieved for correct predictions of di↵erentiation competent cells was 94% when the groups

of di↵erentiation competent (Y101 and Y201) and incompetent (Y102 and Y202) cell

lines were compared. PCA loadings revealed that a Raman background feature between

the MSCs could be due to phenotypic di↵erences across the cells. The loadings also

indicated that the peaks contributing to the variation between the MSC lines were related

to DNA/RNA vibrations (970 cm�1, 1060 cm�1, 1085 cm�1, 1574 cm�1), and protein and

lipid vibrations (932 cm�1, 999 cm�1, 1444 cm�1, 1656 cm�1, 1731 cm�1).

In agreement with the results obtained from the multivariate analysis, discriminatory

markers for the cell lines were observed for PIRs against peaks at 932 cm�1 (proteins),

970 cm�1 (proteins and DNA/RNA), 1060 cm�1 (lipids, carbohydrates, phospholipids
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3.6 Conclusions

and DNA/RNA), 1085 cm�1 (lipids, carbohydrates, phospholipids and DNA/RNA), 1549

cm�1 (proteins) and 1615 cm�1 (proteins) peaks. PIRs that provided discrimination be-

tween the four MSC lines were obtained against the 970 cm�1 peak, while PIRs against

the other peaks separated 01s (Y101 and Y201) from 02s (Y102 and Y202). These PIRs

allowed the discrimination of undi↵erentiated cell lines towards their di↵erentiation com-

petence, and are related to di↵erences in lipids and proteins relative to DNA/RNA.

The primary sorted CD317+ cells were used as a control for the subpopulation dis-

crimination as this protein is highly expressed in the Y102 and Y202 cell lines while absent

for the Y101 and Y201. The PIRs obtained against the 1085 cm�1 peak confirmed the

relatedness of this fraction (CD317+) with the 02 group, indicating that they have the

same protein and lipid to DNA/RNA characteristics. Human dermal fibroblasts (HDFs)

were used as a non-MSC control, with the PIRs against the 1085 cm�1 peak revealing that

they were very similar to the 02s. However, the HDFs could be discriminated from the

MSCs by the 780/1085 and 1237/1085 PIRs; both 780 cm�1 and 1237 cm�1 peaks have

in common vibrations of the DNA/RNA molecule.

As indicated by PIRs calculated against peaks related to DNA/RNA vibrations, the

MSC group separation obtained may be the e↵ect of a di↵erence in the nucleus size of the

01 and 02 MSCs, causing a variation in the density distribution of DNA/RNA molecules

in the nucleus. Nuclear counterstaining and image J analysis revealed that, although not

significant di↵erent, the 02s have slightly greater area and cell perimeter than the 01s.

Although the PIRs obtained from the 970 cm�1 peak discriminated the four cell lines,

its relative intensity greatly varied among the MSCs and between di↵erent experimental

repeats. It mostly varied for the Y101 cell line, which can spontaneously di↵erentiate

into osteoblasts. However, no evidence for the hydroxyapatite or its precursors was found.

Cell-cycle and sub-culturing factors were also not found to be the case for this peak relative
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intensity variation across the cell lines. The investigated MSCs were cell cycle synchronised

and the cells were harvested from cultures when ⇠70–80% of confluence was reached. The

inclusion of a peak at 980 cm�1 was observed, in the literature, for senescent primary

MSCs. However, the investigated MSC lines were immortalised and, therefore, do not

su↵er from a limited lifespan.

The 970 cm�1 peak is assigned to vibrations of DNA/RNA, but also to phosphorylated

proteins. Protein phosphorylation increases during cell desiccation and has a regulatory

role in cell death mechanisms, which could reflect the variations observed in the relative

intensity of this peak. The 01s and 02s discriminating PIRs obtained against 1549 cm�1

and 1615 cm�1 peaks could also be reflecting such changes associated to the air-drying.

They are assigned to tyrosine and tryptophan vibrations, which are common proteins

involved in apoptosis. Thus, the PIRs against the 970 cm�1, 1549 cm�1 and 1615 cm�1

peaks might indicate that these MSC lines react di↵erently to the air-drying process in

such a fashion that their discrimination was optimised. However, in order to understand

if these di↵erences are intrinsic to the cells or an e↵ect of the air-drying process it is

necessary to analyse live-cells.

Population heterogeneity was also investigated by means of %SE associated to PIRs,

and SE and 2x SD convergences over the full averaged spectrum. A measure of the

heterogeneity degree was attempted by obtaining the decay rate of a PIR %SE, which

is inversely proportional to the amount of averaged spectra. The %SE convergence tests

indicated that the HDF and K72 primary populations were less homogeneous than the

MSC lines; it also indicated that the CD317+ sorted primary population was the most

homogeneous. This is in agreement with the knowledge that primaries and HDFs are more

heterogeneous, and also agrees with the fact that the primary CD317+ had been sorted,

thus representing a small fraction of MSCs. The convergence test also showed that the
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uncertainties, associated to each experimental repeat, had converged and that the averaged

spectra represented the population average used for the PIR analyses. However, in order to

use these convergence tests to measure the degree of heterogeneity of a population, many

more experimental repeats are needed, along with the analyses of di↵erent cell types.

The spatially resolved Raman images, constructed over the 1656/1085 PIR, indicated

the presence of nucleoli in the Y102 and Y202 cells. A cell ploidy experiment revealed that,

after synchronisation, more cells from these populations were in the S phase. This suggests

that they already had their nucleoli re-assembled, which explains the morphological di↵er-

ences captured by the Raman maps. The mapping of these MSCs also revealed di↵erent

distributions for the 1656/1085 PIR of the 01s and 02s which are related to the phenotypic

di↵erences revealed by the Raman images, and therefore to their discrimination.

Finally, the recognition of single-cells with a similar biomolecular profile to the MSC

lines allows the identification of subpopulations in primary MSCs, as demonstrated by the

results obtained from the three investigated cells from the K72 population. Although the

whole nucleus had to be scanned, the results suggest that RS could complement standard

protocols for selecting cells with progenitor ability and di↵erentiation competence in such

heterogeneous primary populations.

In summary, this chapter demonstrated that RS is able to provide subpopulation dis-

crimination and also to evaluate heterogeneity. The recognition of these MSCs subpop-

ulations is important once primary populations are being used in clinical-trials. The

subpopulation discrimination was obtained with both univariate (PIRs) and multivariate

(PCA-LDA) analyses. The PIR analysis provided su�cient information to reveal what

underlies the cell line di↵erences.
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Chapter 4

Live cell analyses of

undi↵erentiated mesenchymal

stromal cell lines

Chapter 3 showed that RS was able discriminate subpopulations of MSCs. This was

demonstrated by multivariate (PCA-LDA) and univariate (PIR) analyses. The identified

PIR markers were able to discriminate these MSC lines into two groups according to their

trilineage di↵erentiation capacities. Fully discriminatory markers of the four subpopu-

lations were identified for PIRs against the protein and DNA/RNA peak at 970 cm�1.

However, it was noticed that the relative intensity of this band was substantially altered

from one experimental repeat to the other. Thus, since these fluctuations could have been

enhanced by changes occurring in dried samples, this chapter focuses on the analyses of

live undi↵erentiated MSCs. It aims to verify if the subpopulation discrimination is attain-

able in live cells. Although the air-dried experiments allowed a prompt characterisation of

these cell lines, the discrimination of live cells is envisaged for their future use in clinical
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4.1 Trypan blue viability assay

trials.

Initially, the cells were checked via a trypan blue staining assay to verify if the laser

could induce cell death. Then, the spectra obtained from the four MSC lines (Y101,

Y201, Y102 and Y202) were analysed by PCA to reveal the bands that contributed to

the spectral variance, classified by a PCA-LDA algorithm and by means of PIRs Raman

discriminatory markers were identified. Finally, as done previously in Chapter 3, the het-

erogeneity amongst these cell lines was investigated by using the uncertainties convergence

tests.

4.1 Trypan blue viability assay

A trypan blue dye assay was carried out to verify if the laser exposure could damage the cell

membrane and induce cell death. Viable cells have an intact cell membrane that is capable

of excluding certain dyes, such as trypan blue, which is one of the most common dyes for

exclusion assays [150]. Trypan blue has already been used to evaluate cell membrane

integrity of cardiomyocytes derived from human embryonic stem cells after exposure to a

785 nm laser during Raman acquisition [36].

As explained in Subsection 2.2.3, for the live cell experiments the cells were seeded

onto CaF2 discs, incubated with growth medium, synchronised and then kept in HBSS

during the Raman acquisitions. The trypan blue assay used in this study was tailored so

that the same cell was tested before and after laser irradiation (Subsection 2.3.1).

Figure 4.1 shows the three repeats for the trypan blue assay. A cell was randomly

chosen in the population and the nucleus was irradiated using the same spectral acquisition

conditions of the Raman data collection (Section 2.3). The column A, in Figure 4.1,

shows the cells prior to laser irradiation, while column B shows the same cells after being

irradiated and stained with trypan blue. The dye is not seen present in the irradiated cells,
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4.1 Trypan blue viability assay

Figure 4.1: Cell specific trypan blue staining assay. The trypan blue dye assay was

performed on the MSCs to check for cell membrane damage caused by the laser exposure.

Each row corresponds to one experimental repeat. A cell was randomly chosen (column

A) and laser irradiated with the same acquisition parameters used for the Raman data

collection. The arrows point to the selected cell. The staining assay was performed right

after laser exposure (column B) showing no damage to the cell membrane and after the

cells were immersed in 70% ethanol for 5min, revealing the dye uptake by non-viable cells

(column C). Scale bar is 10 µm.

confirming that the laser exposure did not damage the cell membrane. Following this and

as a control, the whole population was immersed in 70% ethanol and again stained with

trypan blue. The dye uptake by the cells (column C) is now visible, revealing that they are

no longer viable. These results indicate that the laser exposure did not cause any drastic

biological change to the cells, and that the spectra further obtained from them represent

the biomolecular composition of viable living cells.
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4.2 Averaged live cell spectra

4.2 Averaged live cell spectra

A total of 48 spectra, obtained over three experimental repeats for each MSC line, were

averaged and then peak fitted (Section 2.6). The convergence tests, described in Section

2.6.2 ensure that the averaged spectra is a statistically converged representation of the

population average. The results of each test, %SE, SE and 2x SD convergences, for each

sample and experimental repeat correspond to 48 graphs and are shown in Appendix B.4.

These results are further discussed in the Section 4.5 of this chapter.

Figure 4.2 shows the averaged spectra and the standard error of the mean (SE) en-

velopes of the live undi↵erentiated MSC lines – Y101, Y201, Y102 and Y202. All studied

peaks are identified in the figure and their peak positions were calculated by averaging the

positions obtained from the peak fittings performed on each cell line, as per Section 2.6.

The uncertainty of the measured peak positions is the equipment’s wavenumber precision

of ±1 cm�1. For the live cell experiments, the Raman data was collected from the finger-

print (600 – 1800 cm�1) and high-wavenumber (2700 – 3100 cm�1) regions. The HBSS in

which the cells were kept during Raman data collection does not produce any peak in the

fingerprint region and causes only the curved background in the high-wavenumber region

of the spectrum (Figure 4.3).

Two peaks that were not visible in the air-dried spectra (Figure 3.1) were observed in

the fingerprint region of the live cells at positions 1403 cm�1 and 1422 cm�1. The peak

1403 cm�1 is assigned to vibrations of proteins and lipids, while the peak 1422 cm�1 is

assigned to protein, lipids and DNA/RNA vibrations [41, 42, 56, 154, 168]. Their detailed

assignments and the assignments of the peaks observed in the high-wavenumber region are

listed in Table 4.1. The assignments of all other peaks have already been listed in Table

3.1 in Chapter 3.

The four undi↵erentiated live MSC lines show similar spectral features, with the finger-
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Figure 4.2: Averaged Raman spectra of live undi↵erentiated MSC lines. Each population

mean contains three experimental repeats from the data obtained at random positions

of the cells nuclei. The undi↵erentiated MSC spectra are shown with their respective

standard error of the mean envelopes (grey curves) and were o↵set for clarity. All identified

peaks are assigned in Tables 3.1 and 4.1.
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Figure 4.3: HBSS spectrum obtained with the same Raman acquisition parameters used

for the cell spectra collection.
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4.2 Averaged live cell spectra

Table 4.1: Assignments of new peaks observed in the live cells Raman spectra. Each

assignment corresponds to the measured peak positions, averaged across the spectra of the

live cells (Figure 4.2). The uncertainty of the measured peak positions is the equipment’s

wavenumber precision of ±1 cm�1.

Peak Literature General Detailed

position range biomolecular biomolecular

(cm�1) (cm�1) assignments assignments

1403 1400-1404 Proteins &

lipids

NH in-plane deformation, C(C=O)O�1 for

amino acids and glutamic acid [154].

CH deformation in proteins and lipids [179].

1422 1420-1424 Protein, lipids

& DNA/RNA

Deoxyribose as marker for B and Z DNA [154,

179].

Guanine and adenine [168].

CH deformation in proteins and lipids [41,42,56,

154]

2850 2850-2851 Lipids CH2 symmetric stretching of lipids [24, 30, 72,

154,179,180].

2873 2873-2876 Lipids & pro-

teins

CH3 symmetric stretch of lipids and proteins

[24, 72,154,179].

2895 2893-2895 Lipids & pro-

teins

CH3 symmetric stretch of lipids and proteins

[72, 154].

2930 2929-2930 Lipids CH2 asymmetric stretch of lipids [24, 72, 154,

179].

2940 2935-2940 Lipids & pro-

teins

CH vibration in lipids and proteins [72,154,179].

2971 2959-2970 Lipids & pro-

teins

CH3 vibration in lipids, fatty acids cholesterol

and cholesterol esters [72, 154].

CH3 asymmetric stretching of lipids and pro-

teins [24].

Asymmetric stretching of methoxy groups [154,

179].

3007 3008-3015 Lipids =CH vibration in lipids and fatty acids [72,154,

179].

Unsaturated lipid =CH stretch [154].

Olefinic =CH stretching from unsaturated lipids

and cholesterol esters [24].

3062 2800-3050 Lipids Acyl chain vibrations [181].

OH, NH and CH stretching vibrations [179].
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4.2 Averaged live cell spectra

print region of the spectra dominated by protein, lipid and DNA/RNA vibrations, while

the high-wavenumber region comprises vibrations assigned only to proteins and lipids (Fig-

ure 4.2). Visible di↵erences across the four live undi↵erentiated MSC lines are noted for

the 744 cm�1 and 781 cm�1 peaks, both assigned only to DNA/RNA vibrations.

In the literature, the comparison of Raman spectra obtained from live and dead cells,

revealed that the magnitude of DNA/RNA peaks (in spectra normalised to the area of

peak 1444 cm�1) decreased considerably for non-viable cells [41, 44]. The two new peaks

observed in the fingerprint region of live cell spectra (1403 cm�1 and 1422 cm�1) were

indistinguishable from the background in the air-dried MSC spectra (Figure 3.1). If the

spectra of the air-dried (Figure 3.1) and live MSCs (Figure 4.2) is further compared, it

reveals that the DNA/RNA peaks at 744 cm�1, 781 cm�1 and 1579 cm�1, are more evident

in the live cell spectra. Such decrease in the relative intensity of DNA/RNA peaks has

been attributed, in the literature, to changes in the DNA structure and integrity, for the

case of apoptotic cells [156,182].

Notingher et al. (2002) noticed that a small peak at 1743 cm�1, correlated to the

carbonyl C=O stretching vibration in phospholipids, became apparent in the spectra of

dead cells due to the shrinkage of the amide I peak width (at ⇠1660 cm�1) [44]. This

peak was observed in the spectra obtained from the air-dried MSCs (Figure 3.1); however,

positioned at 1731 cm�1. In the literature, the position for this vibration ranged from

1729 cm�1 to 1743 cm�1 [42, 43, 56, 154, 156]. Thus, the FWHM of the amide I band

was compared between the spectra obtained from live and air-dried MSCs. The averaged

FWHM, across the four MSC lines, reduces from 50 ±1 cm�1 for the live cells, to 33 ±

2 cm�1 for the air-dried cells, indicating modification of the protein conformation in the

air-dried cells and thus, in agreement with Notingher’s observations. The uncertainties

shown for the FWHM averages are the SE.
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4.2 Averaged live cell spectra

Another di↵erence noticed between the live and air-dried cell spectra is pertained to

the positions of some of the fitted peaks. Table 4.2 compares the averaged peak positions

of the air-dried and live MSCs for which the di↵erence was bigger than 1 cm�1, which is the

equipment’s wavenumber precision. High-wavenumber peaks were not compared because

this region was only investigated for the live cells. Apart from the 1656 cm�1 peak, a

shift to lower wavenumbers was noticed, in the air-dried cell spectra, for all peaks listed

in Table 4.2. These shifts might be associated to changes in DNA/RNA structure, which

is also reflected by a decrease in their relative intensities [44, 156, 182], and to a change

in the overall protein conformation in the air-dried cells [182, 183]. Low wavenumber

shifts of protein peaks have already been noticed in the spectra of dead cells with Fourier

transformed IR spectroscopy [183]. Although these shifts have also been described in

literature for the 1656 cm�1 peak [182, 183], the same was not observed for the air-dried

cells. This may have been influenced by an increase in the relative intensity of the lipid

peaks. An increase in the relative contribution of lipids in the air-dried cells is observed

by the presence of the 1743 cm�1 peak and the decrease in the FWHM of the 1656 cm�1

band [41,156], and was also correlated to reduced protein signals in apoptotic cells [182].

The most striking di↵erence between the live (Figure 4.2) and air-dried (Figure 3.1)

MSC spectra lies for the proteins and DNA/RNA peak at ⇠970 cm�1. This band showed

great variation in its relative intensity between the four air-dried MSC lines, being re-

sponsible for the full cell line discrimination obtained by the PIRs (as shown on Figure

3.9). However, contradicting all other DNA/RNA assigned peaks, which were more ev-

ident in the live MSC spectra, this peak is almost unnoticeable. The 970 cm�1 peak is

originated from the vibrations of phosphate monoester groups of phosphorylated proteins

and DNA/RNA nucleic acids [154, 157, 158]. As explained in Chapter 3, protein phos-

phorylation has a regulatory role in cell death mechanisms [173] and is also associated
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4.3 Multivariate analysis: PCA-LDA of the live MSC lines

Table 4.2: Comparison of the peak positions for the averaged spectra obtained from air-

dried and live cell experiments. The peak position uncertainty is ±1 cm�1, which is the

instrument’s wavenumber precision. However, the position of the 1469 cm�1 peak showed

varied greatly across the air-dried cell lines, for which the SE of ±3 cm�1. The general

peak assignments were defined from the Table 3.1 in Chapter 3.

Peak position (cm�1) General peak assignment

Air-dried

cell

Live

cell

664 672 DNA/RNA

742 744 DNA

779 781 DNA/RNA

891 893 Carbohydrates

970 974 Proteins and DNA/RNA

1060 1069 Lipids, carbohydrates, phospholipids and DNA/RNA

1085 1088 Lipids, carbohydrates, phospholipids and DNA/RNA

1100 1102 Lipids, proteins, carbohydrates and DNA/RNA

1237 1240 Proteins, lipids and DNA/RNA

1305 1308 Proteins, lipids and DNA/RNA

1335 1337 Proteins and DNA/RNA

1469 1482 Proteins, lipids and DNA/RNA

1574 1579 DNA/RNA

1656 1654 Proteins and lipids

to desiccation [172]. Therefore, the di↵erences in the relative intensity of the 970 cm�1

band, observed in the air-dried spectra, could be the reflection of di↵erent protein phos-

phorylation between the MSC lines as result of the air-drying process. This indicates that

the four MSC lines may modulate cell death di↵erently and explains why such an intense

feature was not observed for this band in the spectra of the live MSCs.

4.3 Multivariate analysis: PCA-LDA of the live MSC lines

Multivariate analyses were used to investigate which spectral bands accounted for most

of the variance between the four live MSC spectra. The spectra obtained in each cell

was baseline corrected, area normalised and smoothed as per Section 2.6.3. Since the
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4.3 Multivariate analysis: PCA-LDA of the live MSC lines

fingerprint and high-wavenumber regions were collected for each Raman spectrum, both

were included in the multivariate analysis.

Figure 4.4 shows the PCA scores for the live MSC spectra. The first three PCs corre-

spond respectively to 23%, 14% and 7% of the variance in the dataset. Similarly to the

PCA performed on the spectra of the air-dried cells (Figure 3.2), the unsupervised method

alone does not discriminate the four MSC lines.

The loadings of these three PCs are shown in Figure 4.5. The PC1 loading (Figure

4.5a) is dominated by a background feature, similarly to what was pointed by the PC1

loading from the PCA performed in the air-dried MSC lines (Figure 3.3). As explained in

Chapter 3, Raman backgrounds have been used in the literature to discriminate cells, being

associated to phenotypical di↵erences between them [31,166]. Apart from the background

feature, loading 1 also shows the peaks at 999 cm�1 (phenylalanine), 1422 cm�1 (proteins,

lipids and DNA/RNA), 1482 cm�1 (proteins, lipids and DNA/RNA) and 1654 cm�1 (lipids

and proteins) as major contributors, in the fingerprint region, for the PC1 scores. For the

Figure 4.4: PCA scores for the live MSC spectra. The PCA components PC1, PC2 and

PC3 accounted respectively for 23%, 14% and 7% of the variance.
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4.3 Multivariate analysis: PCA-LDA of the live MSC lines

high-wavenumber region, it shows that the 2873 cm�1 (lipids and proteins), 2850 cm�1

(lipids) and 2940 cm�1 (lipids and proteins) peaks also contributed to the variance between

the cell lines.

The PC2 loading (Figure 4.5b) reveals many other peaks responsible for the variance

in the dataset, such as the fingerprint region peaks assigned only to DNA/RNA vibrations

(672 cm�1, 744 cm�1, 781 cm�1 and 1579 cm�1), other peaks assigned to DNA/RNA,

but also to proteins and lipids (824 cm�1, 1088 cm�1, 1260 cm�1, 1308 cm�1 and 1482

cm�1) and those associated to lipids and proteins (1124 cm�1, 1448 cm�1 and 1682 cm�1).

The peaks associated to DNA/RNA vibrations at 781 cm�1, 1579 cm�1 and 1088 cm�1

also contributed to the PC2 loading of the air-dried cells (Figure 4.5b). For the high-

wavenumber region, the peaks at 2873 cm�1 (lipids and proteins), 2940 cm�1 (lipids and

proteins) and 3062 cm�1 (lipids) contributed to the variance in the dataset.

PC3 loading (Figure 4.5c), which accounted for 7% of the variance in the dataset,

highlights the peaks at peaks at 850 cm�1 (proteins), 933 cm�1 (proteins), 1337 cm�1

(proteins and DNA/RNA) and 1654 cm�1 (lipids and proteins), and also the aforemen-

tioned peaks observed in PC2 loading. It also highlights, for the high-wavenumber the

peaks at 2873 cm�1 (lipids and proteins) and 2930 cm�1 (lipids). Although PCA did not

discriminate the spectra of the live cells, the PCA loadings revealed the peaks associated

to DNA/RNA, proteins and lipids vibrations that largely contributed to the PCA scores.

In order to maximise the between group variance and verify if the MSC lines discrim-

ination could be obtained, a LDA was performed to the dataset, as described in Section

2.6.3. Again, the LDA was applied to the PCs and, to prevent overfitting of the data, the

number of PCs input into the LDA algorithm were half the number of spectra obtained

for the smallest group [36]. Thus, since a total of 48 spectra were obtained for each of

the live MSC lines, 24 PCs were used, totalling 70% of the variance in the dataset. For
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(a)

(b)

Figure 4.5: Principal component analysis of the live MSC lines datasets showing the

loadings of (a) PC1, (b) PC2 and (c) PC3. The peaks indicated in each loading were the

major contributors of each PC scores - continued on the next page.
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(c)

Figure 4.5: Continued from the previous page. Principal component analysis of the live

MSC lines dataset showing the loadings of (a) PC1, (b) PC2 and (c) PC3. The peaks

indicated in each loading were the major contributors of each PC scores.
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4.3 Multivariate analysis: PCA-LDA of the live MSC lines

the air-dried dataset, the number of PCs used totalled 95% of the variance; however, if

this was applied to the live cell data, 127 PCs would need to be incorporated into the

algorithm, thus causing overfitting.

Figure 4.6: PCA-LDA scores of the live MSC lines. Both three dimensional score plots

represent the same results, but were rotated for better visualisation. LDF1 separates the

01s (Y101 and Y201) from the 02s (Y102 and Y202) groups. LDF2 is responsible for

separating Y102 from Y202 and LDF3 shows the start of separation between the Y101

and Y201.
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It can be seen from Figure 4.6 that the PCA-LDA clearly separates the four live

MSCs into two distinct groups, one for the 01s (Y101 and Y201) and other for the 02s

(Y102 and Y202). These two groups of cells have distinct di↵erentiation capacities, the

01s are able of trilineage di↵erentiation, whereas the 02s are di↵erentiation incompetent.

This 01s and 02s discrimination was also achieved by hierarchical clustering analysis and

PCA performed on the global gene expression analyses of these MSCs [84]. From Figure

4.6, it can be seen that LDF3 shows a start of separation between the 01s (top image),

while the LDF2 nearly separates Y102 from Y202 (bottom image). This suggests that the

number of collected spectra might not have been su�cient for the multivariate analyses,

once the spectra is individually compared. Although the convergence tests indicated that

the amount of spectra obtained was enough the represent the samples (Appendix B.4, in

Sections B.5 and B.6), these tests were conceived for the analyses of averaged spectra and

not individual spectrum.

A cross-validation of the PCA-LDA method was performed with two thirds of the data

(128 spectra) used to train the prediction algorithm while the other third (64 spectra) was

used to test it. The result of the data classification obtained by the PCA-LDA is presented

in Table 4.3, in the form of a confusion matrix describing the performance of the algorithm.

The total error of the method was 34% (percentage of wrong predictions), a value much

higher than the 8% obtained for the air-dried cells. This increase is explained by the fact

that the predictions were tested for the four MSC lines, whilst the algorithm was able to

only discriminate these cell lines into two groups. However, it can be seen from Table 4.3

that most of the cells were predicted to the correct group with only four 01s cells being

classified as 02s and two cells from the 02s classified as 01s. In this case, 91% of the cells

were correctly classified as 01s or 02s. This indicates that this method, together with the

number of acquired spectra, is suitable for classifying the cells towards their di↵erentiation
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Table 4.3: Confusion matrix of the PCA-LDA classification algorithm results obtained

for the live MSCs.

Predicted cell line

Cell line Y101 Y201 Y102 Y202

Y101 9 7 0 2

Y201 2 10 0 2

Y102 0 0 10 3

Y202 1 1 4 12

competence, therefore, into the 01 or 02 groups.

4.4 PIR analyses of the live MSC lines

The multivariate analysis was not able to fully discriminate the spectra of the four live

MSC lines. However, it indicated that DNA/RNA vibrations and also to a background

feature contributed to the majority of the variance between the cell lines. Thus, the

univariate analysis by means of PIRs was applied to the fingerprint and high-wavenumber

spectral regions of the dataset, as described in Section 2.6.1.

Although the PCA loadings revealed that the high-wavenumber vibrations also con-

tributed to the dataset variance, the PIRs obtained against peaks assigned only to lipids,

such as the 2850 cm�1, 2930 cm�1, 3007 cm�1 and 3062 cm�1 peaks, did not show dis-

crimination between the cell lines (Appendix C, Figures C.1 and C.2). However, intensity

ratios against peaks assigned to both lipids and proteins vibrations, such as the 2873 cm�1,

2895 cm�1, 2940 cm�1 and 2971 cm�1 peaks, provided discriminatory markers for 01s and

02s (identified by arrows in Figures C.3 and C.4, Appendix C). The high-wavenumber

results indicate that the four MSC lines have a di↵erence in proteins relative to other

cellular components, and also that they display similar lipid characteristics.

In accordance to the PCA loadings of the fingerprint region, discriminatory markers

were obtained against peaks related to DNA/RNA. Amongst them are intensity ratios
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4.4 PIR analyses of the live MSC lines

against the 672 cm�1, 744 cm�1 and 781 cm�1 peaks, which are assigned only to vi-

brations of DNA/RNA (Figures 4.7 and 4.9a). Other discriminatory markers were ob-

tained for PIRs calculated against the 1069 cm�1 (lipids, carbohydrates, phospholipids

and DNA/RNA), 1088 cm�1 (lipids, carbohydrates, phospholipids and DNA/RNA), 1422

cm�1 (protein, lipids and DNA/RNA) and 1482 cm�1 (proteins and DNA/RNA) peaks,

and shown from Figure 4.8 to Figure 4.10. For detailed peak assignments, please refer to

Tables 3.1 and 4.1. These discriminatory PIRs are explained below and were organised

between those that provided markers for di↵erentiation competence, separating 01s from

02s, and between those that provided the discrimination of the four cell lines.
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Figure 4.7: PIR comparison for the MSCs against the (a) 672 cm�1 and (b) 744 cm�1

peaks, showing the group separation between 01s and 02s cell lines. The error bars are

the propagation of the fitted intensity SE.
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Figure 4.8: PIR comparison for the MSCs agains the (a) 1088 cm�1 and (b) 1422 cm�1

peaks, showing the group separation between 01s and 02s cell lines. The error bars are

the propagation of the fitted intensity SE.
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Figure 4.9: PIR comparison for the MSCs against the (a) 781 cm�1 and (b) 1069 cm�1

peaks, showing the presence of discriminating markers (indicated by the arrows) between

all cell lines.
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Figure 4.10: PIR comparison for the MSCs against the 1482 cm�1 peak, showing the

presence of discriminating markers (indicated by the arrows) between all cell lines. The

error bars are the propagation of the fitted intensity SE.

The discrimination of cells in relation to di↵erences in DNA and RNA relative to other

cellular components, such as lipids and proteins, has been verified by Chan et al. (2009)

for human ESCs and the cardiomyocytes derived from them [36]. In their work, the lower

signals of the DNA bands, at 785 cm�1 and 1090 cm�1 (normalised to the intensity of the

protein and lipid peak at 1450 cm�1), of the di↵erentiated cells were used as an indicative

of lower proliferation after the cells have developed into a more matured phenotype [36]. A

decrease in the relative intensity of nucleic acids peaks during the process of di↵erentiation

was also used to discriminate di↵erentiated from non-di↵erentiated murine ESCs [55, 56].

Notingher et al. calculated a ratio between RNA and protein contributions, in the Raman

spectrum, and related it to the degree of RNA translation in individual cells [56]. From

this ratio, they concluded that the di↵erences in the relative intensity between DNA
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4.4 PIR analyses of the live MSC lines

and proteins were indicating a low transcription of mRNA in the undi↵erentiated cells.

Schulze et al. (2010), also on a study with human ESCs, proposed that intensity ratios of

protein-related bands (757 cm�1) against nucleic acid bands (784 cm�1) were e↵ective for

discriminating non-di↵erentiated from di↵erentiated cells [33]. They also verified that the

relative intensity of proteins increased with di↵erentiation, whilst the relative intensity of

nucleic acids decreased, reflecting the higher proliferation rate and also the bigger nucleus

of the undi↵erentiated human ESCs. However, their results might have been jeopardised

by combining live and air-dried cell spectra to obtain a larger dataset. Although all

these studies were focused in non-di↵erentiated and di↵erentiated ESCs, they showed

that the discrimination between these cells was obtained from di↵erences in the relative

intensities of peaks assigned to DNA, RNA and proteins. The discriminatory PIRs of

01s and 02s were obtained against peaks associated to DNA/RNA vibrations, such as

the 672 cm�1 (DNA/RNA), 744 cm�1 (DNA/RNA), 1088 cm�1 (lipids, carbohydrates,

phospholipids and DNA/RNA) and 1422 cm�1 (protein, lipids and DNA/RNA) peaks.

These di↵erentiation competence markers, or in other words, markers that segregated 01s

from 02s are shown in Figures 4.7 and 4.8. The greatest separation between these two

groups is observed for the 999 cm�1 (proteins) and 1654 cm�1 (proteins and lipids) peaks.

These peaks have in common vibrations related to proteins; phenylalanine in the case

of the 999 cm�1 and amide I for the 1654 cm�1. Since there was no major di↵erence

in the relative intensity of the lipid peaks, demonstrated by the high-wavenumber PIRs,

the separation obtained by the 1654 cm�1 peak was mainly driven by protein vibrations

other than lipids. Thus, indicating that a di↵erence in the DNA/RNA relative to proteins

caused the separation between these two groups.

The PIRs calculated against the peaks at 781 cm�1 (DNA/RNA), 1069 cm�1 (lipids,

carbohydrates, phospholipids and DNA/RNA) and 1482 cm�1 (proteins and DNA/RNA)
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4.4 PIR analyses of the live MSC lines

(Figures 4.9 and 4.10) did not separate the MSC lines into two groups; however, they

provided full cell line discriminatory Raman markers, which are indicated by arrows in

the images. These four cell line discriminatory PIRs were obtained for the 999 cm�1

(phenylalanine), 1337 cm�1 (proteins and DNA/RNA), 1448 cm�1 (lipids and proteins)

and 1654 cm�1 (lipids and proteins) peaks, which also have in common vibrations of

protein molecules.

Once full cell line discrimination was observed in the PIRs, a deeper investigation

including all spectral peaks was conducted against the previous ratios to verify if there were

any other full cell line discriminatory Raman markers. Total cell line discrimination was

obtained for PIRs against the 781 cm�1 (DNA/RNA), 1069 cm�1 (lipids, carbohydrates,

phospholipids and DNA/RNA) and 1482 cm�1 (proteins and DNA/RNA) peaks, and are

shown from Figures 4.11 to 4.13. The ratios against the 781 cm�1 peak comprised the

biggest set of discriminating PIRs. From these three sets of fully discriminatory Raman

markers, it can be seen that the majority of them were obtained between intensity ratios of

proteins and DNA/RNA peaks. These results further indicate that the discrimination of

the four MSC lines is also pertained to di↵erences in the DNA/RNA relative to proteins,

as previously suggested.

Downes et al. (2011) suggests that the observed drop of the DNA/RNA levels relative

to other cellular components during di↵erentiation could mean either that their relative

concentration is reducing in the nucleus, or that the nucleus-to-cytoplasm size ratio is

decreasing during di↵erentiation [68]. Taking this into account, it could be suggested that

the 01s and 02s have di↵erent nuclei sizes relative to their cytoplasm. 02s have significantly

greater area and perimeter compared to both Y101 and Y201 [84]. However, it is important

to remember that the Raman data was collected solely over the nucleus, with a laser spot

size of ⇠0.7 µm. The measurement of the nucleus area through nuclear counterstaining
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Figure 4.11: Expanded set of discriminatory PIRs for the MSCs against the 781cm�1

peak. Note that the graph is split into two sides to accommodate the di↵erent Y-axis

ranges and allow the visualisation of the Raman markers of each MSC line. The error

bars are the propagation of the fitted intensity SE.
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Figure 4.12: Expanded set of discriminatory PIRs for the MSCs against the 1069 cm�1

peak. Note that the graph is split into two sides to accommodate the di↵erent Y-axis

ranges and allow the visualisation of the Raman markers of each MSC line. The error

bars are the propagation of the fitted intensity SE.
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Figure 4.13: Expanded set of discriminatory PIRs for the MSCs agains the 1482 cm�1

peak. Note that the graph is split into two sides to accommodate the di↵erent Y-axis

ranges and allow the visualisation of the Raman markers of each MSC line. The error

bars are the propagation of the fitted intensity SE.

and image analyses (details of these methods in Section 2.8), did not show a significant

di↵erence in the nuclear size of the MSC lines, however, it revealed a consistent trend for

larger nuclei in the 02’s compared to the 01’s (Appendix E, Figures E.1 and E.2). This

suggests that these morphological di↵erences between the two MSC groups could have

also influenced their discrimination.

The biological properties of cells are encoded in the transcriptome, while the phenotype

and function are determined by the proteins translated [184], for which the protein locali-

sation is also associated with function [185]. Nuclear proteomics investigate the collective

actions and interactions of proteins in the nucleus [186]. Usually these studies compare

the nuclear proteins in undi↵erentiated and di↵erentiated cells to understand their dy-

namics during cellular phenotype commitment [187]. Nuclear proteomics has identified

di↵erences in the nuclear concentration of several proteins, such as those involved in tran-
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4.4 PIR analyses of the live MSC lines

scription regulation, proliferation, pro-apoptosis and chromatin remodelling as function

of ESC di↵erentiation [186]. An increase in the expression levels of 81 proteins, together

with the decreasing levels of other 21 proteins, has been noted before and after four days

of osteogenic induction in hTERT MSCs by the expression profiling of membrane pro-

teins [188]. Similarly to these proteomics studies that pointed to a di↵erent concentration

of proteins in the nucleus of di↵erentiated and non-di↵erentiated ESCs, the RS studies

performed in such cells also directed the discrimination of them towards a di↵erence in

proteins relative to DNA [33,36,55,56].

Interestingly, a proteomics study of two undi↵erentiated MSC clones that express the

same cell surface antigens, but that have di↵erent di↵erentiation capacities and di↵erent

proliferation rates, also demonstrated di↵erences in the nuclear proteome of these two

groups of cells [189]. In this work, Mareddy et al. (2009) found di↵erences in the expres-

sion of proteins related to cell cycle, cell morphology, metabolism and proliferation [189].

They also showed that the trilineage competent cells over-expressed calcium-binding and

actin-binding proteins, such as CAM and TM; the first regulates apoptosis and osteo-

clastogenesis, while the second is associated to the acceleration of cell division [189]. For

the MSC lines here studied, the results obtained with RS, combined with PIR analyses,

indicated a di↵erence in the relative intensity of the DNA/RNA peaks to the other cellu-

lar components, mainly to proteins. Such di↵erence allowed not only the discrimination

between di↵erentiation competent and incompetent cell lines (Figure 4.7 and 4.8), it also

provided the separation of the four cell lines (Figure 4.11 to 4.13). Thus, it is probable that

these cells lines have di↵erent protein characteristics. As discussed previously, the lower

relative intensity of the DNA/RNA peaks has been attributed to lower proliferation rates

of cells. Therefore, the relative di↵erence in the DNA/RNA to proteins, obtained with

the PIRs, may indicate that these cell lines have di↵erent proliferation rates, which has
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4.4 PIR analyses of the live MSC lines

engendered their discrimination. However, without further experiments, it is not possible

to correlate these di↵erent proliferation rates to the contrasting di↵erentiation capacities

of the two discriminated groups or to di↵erences between the cell lines.

Comparing the set of markers obtained for live the cells against those obtained for

air-dried MSCs (Section 3.3), it is clear that the discrimination in the live cells was driven

by di↵erences in DNA/RNA relative to proteins. Amongst the air-dried set of markers,

only three discriminatory ratios were obtained against peaks that have vibrations of the

DNA/RNA molecules. Such ratios were against the 970 cm�1, 1060 cm�1 and 1085 cm�1

peaks. The 970 cm�1 peak was the main actor in the full cell line discrimination obtained

for the air-dried MSCs, while the other two peaks provided group separation. However, for

the live MSCs spectra, the 970 cm�1 peak (observed at the position 974 cm�1) is hardly

distinguished from the background, and was also not evident in the PCA loadings (Figure

4.5). The intense feature of the 970 cm�1 peak in the air-dried samples could be the result

of increased phosphorylation of proteins as result of the air-drying process and possibly

cell death, as it is known that protein phosphorylation has a regulatory role in cell death

mechanisms [173] and it is increased during desiccation [172]. Other ratios that separated

01s and 02s, in the air-dried experiments, were obtained against the 1549 cm�1 and 1615

cm�1 peaks, assigned to tyrosine and tryptophan, which are also common proteins involved

in cell death pathways [174]. Thus, the PIRs obtained in Chapter 3 obtained against peaks

at 970 cm�1, 1549 cm�1 and 1615 cm�1, and that provided discrimination between the

cell lines, could have been directly a↵ected by air-drying process.

The discriminatory markers obtained against DNA/RNA peaks, for the air-dried cells,

indicate that although they might reflect the changes associated to the air-drying process,

they still retained some of the di↵erences in DNA/RNA relative to proteins that were

observed for the live cells. This explains the similar group discrimination obtained by PIRs
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4.5 Population heterogeneity: convergence tests and PIRs of the live MSC lines

against peaks ⇠1060 cm�1 and ⇠1085 cm�1 in both experiments. Other ratios obtained for

the air-dried cells, and not related to DNA/RNA vibrations, suggest that these cells might

modulate cell death di↵erently, or that the air-drying process enhanced their di↵erences.

Nonetheless, it is clear that the set of PIRs obtained for the live cells, once not a↵ected by

biomolecular changes driven by air-drying process, allowed the identification of many more

markers for full cell line discrimination, evidencing the robustness of RS for subpopulation

discrimination.

4.5 Population heterogeneity: convergence tests and PIRs

of the live MSC lines

The convergence tests used to determine if the number of obtained spectra represented

the population average, considering a convergence of the statistical quantities, can also

be used to evaluate the heterogeneity of such a cell population. Thus, similarly to what

was done in Sections 3.4.1 and 3.4.2 of Chapter 3, in this section the convergence tests

are also used for this purpose and are applied to each MSC line, throughout the three

experimental repeats.

Full spectral convergences of the SE and 2x SD were obtained for averages containing

an increasing number of spectra, as described in Section 2.6.2. These results are shown

in Appendix B, in Sections B.5 and B.6. Examples of the SE and 2x SD full spectral

convergences are shown in Figure 4.14. From the Figure 4.14a it can be seen that the

SE decreases to a minimum error value with the increasing in the number of averaged

spectra. The 2x SD (Figure 4.14b) oscillates between a mid point, with its amplitude

decreasing as the number of spectra increases. When compared to the 2x SD convergence

tests obtained from the air-dried experiments (Figure 3.13), the 2x SD obtained for the
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4.5 Population heterogeneity: convergence tests and PIRs of the live MSC lines

live cells displayed less dispersion from cell to cell spectrum (Figure 4.14b).

The method to obtain the convergence of the %SE associated with the 970/1085 and

1656/1085 PIRs was described in Section 2.6.2. Both PIR convergences are used in this

analysis, so that they can be compared to the air-dried results. The relative intensity of the

970 cm�1 peak, assigned to phosphorylated proteins and DNA/RNA, varied considerably

between the air-dried samples, possibly reflecting the changes associated to the air-drying

process, while it displayed a constant low relative intensity for the live cells. As per the

1656/1085 PIR, it discriminated di↵erentiation competent from incompetent MSC lines

on both air-dried and live cell analyses. It is important to remember that for the live cell

analysis, there was a small shift in the frequency of these peaks as described on Table 4.2.

Thus, for the live cell results they are represented by the positions at 974cm�1, 1088 cm�1

and 1654 cm�1.

For both ratios (974/1088 and 1654/1088) the %SE was calculated and plotted against

the number of averaged spectra. The individual results for each cell line and experimental

repeat are shown on Appendix B, Section B.4. Each graph was fitted with an exponen-

tial curve (Equation A.2.2 from Appendix A), from which the decay constant (⌧) and the

converged %SE value (y0) were used to represent the heterogeneity associated to each pop-

ulation/experiment. Examples of both PIRs %SE convergence tests are shown in Figure

4.15. While for the air-dried cells the %SE convergence tests indicated a convergence of the

%SE from ⇠50 spectra onwards (Appendix B.1), for the live cells, the %SE convergence

was obtained from ⇠10 spectra (Appendix B.4).

Table 4.4 shows the averaged decay constant of each cell line, obtained for each PIR,

across the di↵erent experimental repeats. A smaller decay constant is associated to a

rapid decay of the exponential curve, which means that the statistical quantity measured

(%SE) converges with a smaller quantity of spectra. It can be seen that independently
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Figure 4.14: Example of the (a) SE and (b) 2x SD full spectral convergence test. These

examples show the convergence of both SE and 2x SD, associated to the peak intensities,

with the increasing number of spectra in the spectral average.
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Figure 4.15: Examples of %SE convergence tests for the (a) 974/1088 and (b) 1654/1088

PIRs. They show the decay of the %SE associated with the PIR as the number of averaged

spectra increases. The red line represents the exponential fitting.
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of the PIR analysed all four MSCs displayed similar decay constants and converged %SE,

which reflects the greater homogeneity of these live cell populations.

When the ⌧ obtained for the air-dried cells (Table 3.3) is compared to the ⌧ from

the live cells, it can be noted that they are much lower for the live cells. The averaged

decay constants of the air-dried cells ranged from 6.5 to 12.5 for both PIRs, while those

obtained for the live MSCs ranged from 0.9-2.0, for both ratios. This suggests that most

of the variability observed in the air-dried populations was linked to changes associated

to the air-drying process. Interestingly, the average of the converged %SE was similar for

both datasets, ranging from 7.0 to 12.5 for the air-dried cells and from 6 to 13.7 for the

live cells. This indicates that many more spectra per experiment were necessary, in the

air-dried experiments, to achieve the same level of uncertainty of the live cell experiments.

These results also show the robustness of sampling live cells and are in agreement with

the variance obtained from the full spectral 2x SD graphs (Appendix B, Section B.6).

In order to assess if there were pronounced biochemical di↵erences captured by RS

between the experimental repeats performed for the live cell analyses, the intensity ratios

against the 1088 cm�1 peak (lipids, carbohydrates, phospholipids and DNA/RNA) were

calculated for each experiment. For this, the spectra obtained in each repeat was averaged

Table 4.4: Average of decay constants and converged %SE obtained for the 974/1088

and 1654 PIRs for the live cell populations analysed. Three experimental repeats were

performed for each cell line. A smaller decay constant is related to a rapid decay of the

%SE. The maximum and minimum values obtained are shown in the brackets.

PIR 974/1088 PIR 1654/1088

Sample Averaged

decay constant

Converged

%SE

Average decay

constant

Converged

%SE

Y101 1.3 (0.8–2.2) 8 (6.1–10) 1.3 (0.7–2.1) 7.7 (6.4–9.7)

Y201 1.3 (0.8–2.3) 13.7 (9–21) 1.7 (0.9–2.3) 8 (4.4–12)

Y102 1.3 (0.8–2.2) 7.3 (5.2–9) 2.0 (0.9–3.3) 6 (1.9–9.7)

Y202 1 (0.8–1.2) 9.7 (7.3–12.4) 0.9 (0.8–1.2) 8.3 (6.5–10.8)

174



4.5 Population heterogeneity: convergence tests and PIRs of the live MSC lines

and fitted, such as described in Section 2.6. As explained earlier, this PIR demonstrated

group discrimination between di↵erentiation competent and incompetent MSC lines on

both air-dried and live cell analyses.

These results are shown in Figures 4.16 and 4.17, where the error bars are the propaga-

tion of the SE over the calculated PIRs. The images show that apart from a small variation

in the 781/1088 PIR for Y202 all other markers remained nearly constant for all exper-

imental repeats, showing only fluctuations no bigger than their uncertainty bars. These

results contrast with those obtained for the air-dried cells (Figures 3.15 and 3.16), which

showed an increased variation for the relative intensity of the 970 cm�1 peak. Therefore,

these results attest the reproducibility of the obtained markers and the robustness of live

cell analyses.
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Figure 4.16: Comparison between the PIRs against the 1088 cm�1 peak for the experi-

ment repeats performed for the live (a) Y101 and (b) Y201 MSC lines. The error bars are

the propagation of the fitted intensity SE.
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Figure 4.17: Comparison between the PIRs against the 1088 cm�1 peak for the exper-

iment repeats performed for the live Y102 and Y202 MSC lines. The error bars are the

propagation of the fitted intensity SE.
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4.6 Conclusions

The main objective of this chapter was to verify if discriminatory Raman markers could be

obtained from the analyses of live MSCs. The chapter also aimed to understand if the PIRs

obtained for the air-dried cells reflected the di↵erences of DNA/RNA relative to protein

in the MSC lines and how much these results were a↵ected by the air-drying process.

A trypan blue assay assured that the laser exposure did not cause any drastic change

to cell membrane and that the spectra obtained from them represented the biomolecular

composition of living viable cells.

The analyses of live cells rendered not only the discrimination of the MSCs into groups

related to their trilineage di↵erentiation potential, as it also provided, by means of the PIR

analyses, Raman markers for the discrimination of the four cell lines. All discriminatory

Raman markers found by the PIR analyses, for the live cells, were obtained from intensity

ratios against DNA/RNA peaks.

Sets of group discriminatory markers, related to trilineage di↵erentiation capacity, were

obtained against the peaks at 672 cm�1 (DNA/RNA), 744 cm�1 (DNA/RNA), 1088 cm�1

(lipids, carbohydrates, phospholipids and DNA/RNA) and 1422 cm�1 (proteins, lipids and

DNA/RNA). Sets of discriminatory Raman markers of the four cell lines were obtained

against the 781 cm�1 (DNA/RNA), 1069 cm�1 (lipids, carbohydrates, phospholipids and

DNA/RNA) and 1482 cm�1 (proteins and DNA/RNA) peaks, and show the potential of

RS to discriminate these subpopulations. Both sets of markers indicated that di↵erences

in the DNA/RNA relative to protein could be driving the cell line discrimination. The

multivariate analyses corroborated these findings, indicating that most of the variance

in the live cell dataset was produced by the DNA/RNA and protein peaks. The PCA

also associated the variation in the dataset with the Raman background of the analysed

cells. Raman background has been associated, in the literature, to phenotypical di↵erences
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among the cells.

Di↵erences in the intensity of DNA/RNA peaks relative to protein peaks have been

associated, in the literature, to di↵erent proliferation rates and therefore used to discrimi-

nate cells. However, di↵erences in DNA/RNA relative to proteins could also be associated

to the slight di↵erent nuclear sizes of the MCS lines. In the literature, di↵erences in the

nuclear proteome of di↵erentiation competent and incompetent cells were linked to the

expression of proteins related to cell cycle, cell morphology, metabolism and prolifera-

tion. Thus, it is clear that RS discriminated the MSC lines based in the di↵erences in

DNA/RNA relative to proteins. However, it is necessary to conduct further experiments

to confirm if these di↵erences are correlated to a di↵erent proliferation rate of the MSC

lines or to di↵erences in their nuclear proteome and how they translate into the contrasting

di↵erentiation capacities.

In contrast to the air-dried spectra, the data obtained from the live cells represented

more homogeneous populations as shown by the convergence tests. Live cell analyses

of di↵erent experimental repeats did not su↵er from major fluctuations in the relative

intensity of the PIRs calculated, resulted in more constant datasets and reinforced the

robustness of live cell analyses. The 01s and 02s discriminatory PIRs against the ⇠1069

cm�1 and ⇠1088 cm�1 peaks were obtained for both air-dried and live cell experiments.

This indicates that, although the air-drying process a↵ected the Raman spectra, the air-

dried cells still retained some of the relative di↵erences between DNA/RNA and proteins

that were observed for the live cells.

In summary, RS is a label-free method able to identify markers linked to MSC func-

tion, thus providing the discrimination between trilineage di↵erentiation competent and

incompetent cell lines. The identification of discriminatory Raman markers of the four

undi↵erentiated live MSC lines reinforces the capacity of RS for characterising and dis-
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4.6 Conclusions

criminating subpopulations, as these cells lines were not fully distinguished by standard

methods, such as global gene expression. Therefore, RS is an e↵ective technique for cell

characterisation that can be used in tandem with standard methods for understanding the

biomolecular di↵erences across cell populations, and to identify and select di↵erent, but

closely related, cell subtypes.
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Chapter 5

Raman spectroscopy assessment of

osteogenic and adipogenic

di↵erentiation of mesenchymal

stromal cells

The previous two chapters showed that RS can distinguish the subpopulations of di↵erenti-

ation competent and incompetent MSCs. It also provided an insight into the biomolecular

di↵erences between these cell lines, providing markers for their full discrimination. In this

chapter, the osteogenic and adipogenic di↵erentiations of the Y201 cell line are charac-

terised with RS. This cell line was chosen because it shows both osteogenic and adipogenic

competence, whereas Y101 spontaneously di↵erentiate into osteoblasts and has poor adi-

pogenic capacity [84].

For the osteogenesis, the aim is to verify if RS can identify markers other than the

presence of hydroxyapatite. Although, parallel to it, the mineral produced by the cells was
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5.1 Population heterogeneity: convergence tests during osteogenesis and adipogenesis

also assessed and compared to human and lamb bones. For the study of adipogenesis, the

chapter focuses on characterising the adipo-induced MSCs since, to date, this was mainly

done for adipose-derived stem cells. Finally, it also attempts to identify the lipid species

stored in the lipid droplets from the adipocytes.

5.1 Population heterogeneity: convergence tests during os-

teogenesis and adipogenesis

RS was used to assess the Y201 MSC line cultured in basal, osteogenic and adipogenic

media at days 0, 7, 14 and 21, as explained in Section 2.2.4 of Chapter 2. As indicated

by the convergence tests presented in Section 4.5, the Raman analyses of live cells allowed

that a lower number of spectra were collected in comparison to air-dried analyses. Those

convergence tests also indicated that the air-dried cell populations were less homogenous,

possibly due to biomolecular changes associated to the air-drying process. Thus, Raman

data acquisition was performed on live cells kept in HBSS, with one spectrum collected per

cell. Details of the acquisition parameters are described in Section 2.3. The convergence

tests were applied to the spectra obtained from the basal, osteogenic and adipogenic

samples, in order to check if the averaged spectra were representative of the population

average.

Expressive changes are expected in the spectra during osteogenesis and adipogenesis

as confirmed by literature [126, 138]. Therefore, peaks that would not be hindered by

other prominent peaks appearing during the di↵erentiation were chosen to compose the

%SE convergence test associated with the PIRs. For example, the 974/1088 PIR was

not used because, during osteogenesis, the presence of the hydroxyapatite peak at ⇠960

cm�1 could obscure the peak at 974 cm�1. Therefore, for the osteo-induced samples,

182



5.1 Population heterogeneity: convergence tests during osteogenesis and adipogenesis

the 1654/1088 PIR allows the comparison of non-di↵erentiated cells at day 0 with the

cells at day 21, when mineralisation is expected to have happened [84]. This PIR is

associated to vibrations of lipids and proteins (1654 cm�1) and the peak 1088 cm�1 (lipids,

carbohydrates, phospholipids and DNA/RNA). For the adipo-induced samples, the chosen

PIR was the 1654/1448 once it contains the vibrations of the CH2 (1448 cm�1) and C=C

(1656 cm�1) groups present in lipids and would also allow the comparison of the non-

di↵erentiated MSCs with the adipocytes. For the samples kept in basal condition, both

PIRs were used to allow the comparison of the basal cells with the osteo- and adipo-induced

MSCs. The graphs of each %SE convergence test, SE and 2SD stacks are displayed in

Appendix B; Sections B.7, B.8 and B.9 contain the tests for the cells kept in basal medium;

Sections B.10, B.11 and B.12 display the tests for the osteo-induced cells; and Sections

B.13, B.14 and B.15 show the convergences of the adipo-induced cells. Examples of these

convergence tests are shown in Figures 5.1 and 5.2.

Full spectral convergences of the SE and 2x SD were obtained for the analysed samples

as exemplified by Figure 5.1. It can be seen that the SE associated to the peak intensities

converges to a minimum value as the number of obtained spectra increases (Figure 5.1,

images a, c and e). As per the 2x SD, it oscilates between a mid point and stabilises

(Figure 5.1, images b, d, and f).

Table 5.1 summarises the %SE convergence test results obtained for each experiment.

Examples of these tests are shown in Figure 5.2 for basal, osteo- and adipo-induced cells at

day 21. Each %SE convergence test was fitted with an exponential curve (Equation A.2.2 in

Appendix A), from which the decay constant (⌧) and the converged %SE value (y0) values

were used to represent the heterogeneity associated to each experiment. Although the cells

kept in basal, osteogenic and adipogenic media were going through di↵erent processes

during the time-points measured, they have similar decay constants, which indicates that

183



5.1 Population heterogeneity: convergence tests during osteogenesis and adipogenesis

Figure 5.1: Examples of the SE (left column) and 2x SD (right column) convergence

tests for the basal (a, b), osteo- (c, d) and adipo-induced (e, f) cells. All graphs show the

results obtained at day 21 for the fingerprint region. For the complete set of results please

see Appendix B, Sections B.11 and B.12 for the osteogenic convergence tests, and Section

B.14 and B.15 for the adipogenic convergence tests.

their uncertainties converged at the same rate. However, as indicated by the %SE the cells

that underwent di↵erentiation process, either osteogenic or adipogenic, showed higher

converged %SE values for days 7, 14 and 21 in comparison to the cells kept in basal
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5.1 Population heterogeneity: convergence tests during osteogenesis and adipogenesis

Figure 5.2: Examples of the %SE convergence tests for the basal, osteo- and adipo-

induced cells. For the cells kept in basal medium, the %SE convergence test was obtained

for the (a) 1654/1088 and (b) 1654/1448 PIRs. Graphs (c) and (d) show the %SE conver-

gence tests for the osteo-induced cells (1654/1088 PIR) and adipo-induced cells (1654/1448

PIR), respectively. The red line represents the exponential fitting. All graphs show the

results obtained at day 21 for the fingerprint region. For the complete set of results please

see Appendix B.

medium. This higher %SE values reflect the diversity of such populations. The osteogenic

samples, for example, presented mineralised nodules with di↵erent sizes, shapes, thickness,

and crystallinity that varied across the time-points. The lipid droplets were also observed

in varied sizes. This is further discussed in Sections 5.2 and 5.3.

Although these converged %SE values are higher if compared to those of the cells

cultured in basal medium, the %SE has converged for the experiments, as seen from their

graphs (Appendix B, Sections B.7, B.10 and B.13) and confirmed by the full spectral

185



5.2 Osteo-induced MSCs

SE convergences (Appendix B, Sections B.11 and B.14). Therefore, the averaged spectra

reflects the population average. The 2x SD graphs (Appendix B, Sections B.12 and B.15)

also show that the dispersion of the spectra obtained from these populations reflected the

varied mineral content in the osteogenic samples, and the relative increase of the lipid

content during adipogenesis.

Table 5.1: Convergence tests decay constants for basal, osteo- and adipo-induced

MSCs. The decay constant and the converged %SE obtained for the PIRs 1654/1088

and 1654/1448 are presented for the di↵erent experiments performed. A smaller decay

constant is related to a rapid decay of the error.

PIR 1654/1088 PIR 1654/1448

Time-

point

Decay

constant

Converged

%SE

Decay

constant

Converged

%SE

Basal cells

Day 0 2 ± 0.3 10 ± 2 2 ± 0.4 12 ± 2

Day 7 2 ± 0.3 12 ± 1 1 ± 0.2 11 ± 1

Day 14 1 ± 0.2 10 ± 1 1 ± 0.2 9 ± 2

Day 21 1 ± 0.2 10 ± 1 2 ± 0.1 5 ± 0.5

Osteo-induced cells

Day 0 3 ± 0.3 15 ± 2 – –

Day 7 2 ± 0.2 25 ± 1 – –

Day 14 2 ± 0.2 21 ± 0.6 – –

Day 21 2 ± 0.3 14 ± 1 – –

Adipo-induced cells

Day 0 – – 2 ± 0.3 12 ± 1

Day 7 – – 2 ± 0.2 29 ± 1

Day 14 – – 2 ± 0.5 17 ± 2

Day 21 – – 2 ± 0.3 21 ± 2

5.2 Osteo-induced MSCs

When cultured in osteogenic medium, the MSCs di↵erentiate into osteoblasts, responsible

for bone matrix synthesis and subsequent mineralisation, which is done by the accu-

mulation of calcium deposits in the extracellular matrix [190]. Eventually, some of the
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5.2 Osteo-induced MSCs

osteoblasts get trapped in the bone matrix, giving rise to osteocytes, which are the most

abundant cells in bone [190].

The ossification process, or osteogenesis, is carried out by two processes: (i) the

intramembranous ossification and the (ii) endochondral ossification [190, 191]. The in-

tramembranous ossification occurs during the formation of flat bones and is an essential

process during natural healing of bone fractures [190]. In this process, the MSCs (osteo-

progenitor cells) proliferate, condense and di↵erentiate into osteoblasts, which then start

the production of bone matrix and become osteocytes when eventually surrounded by the

collagen fibres; therefore, forming a rudimentary bone that later gradually thickens [190].

The endochondral ossification occurs in the formation of long bones and most of the rest of

the bones in the body [190]. It is a two step process initially characterised by the formation

of a cartilaginous region that gets vascularised and promotes the migration of osteoblasts

to it [190, 191]. The second step is the mineralisation of the cartilage template, which is

initially deposited in a disorganised structure, containing a high proportion of osteocytes.

Such structure is called woven bone and is gradually replaced by lamellar bone, which is

stronger and filled with cylindrical arrangements of mineralised collagen fibres [190,191].

Octacalcium phosphate and amorphous calcium phosphate are known precursors of

the hydroxyapatite [191, 192]. The initial mineral formation is believed to be under cel-

lular control, while the mineral propagation is mediated by the type I collagen in the

extracellular matrix [191]. The basic nanoscale structure of bone consists in mineralised

collagen fibres, with the mineral concentrated in holes zones of collagen fibrils [191, 193].

The assemblage and organisation of collagen creates intramollecular spaces assumed to be

the site of mineralisation, from which the crystals grow and proliferate [191,193,194]. The

collagen fibrils are formed by the self-assemblage of triple helices of collagens, with the

hydroxyapatite crystals formed in the hole zones between collagens [193, 194], as shown
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5.2 Osteo-induced MSCs

in Figure 5.3 (a). The hydroxyapatite crystals have a sheet-like shape and grow over and

around the surface of the collagen fibrils, in a fashion that the crystal c-axis is orientated

along the longitudinal axes of the fibrils, suggesting that the crystal nucleation and growth

process is controlled by the collagen as shown in Figure 5.3 (b) [193, 194]. Finally, these

mineralised fibrils organise parallel to one another, forming the mineralised collagen fibres,

as in Figure 5.3 (c) [193,194].

Figure 5.3: Collagen mineralisation schematic adapted from [193]. The bone nanostruc-

ture consists in mineralised collagen fibres. The process starts when (a) hydroxyapatite

crystals are formed in the hole zones between collagens. (b) These crystals grow over and

around the collagen fibrils. (c) The mineralised fibrils organise parallel to one another,

forming the mineralised collagen fibres.

RS can easily observe the initial mineral deposited by the osteoblasts during osteogenic

di↵erenation [125,127,131]. In this Section, osteogenesis was induced with dexamethasone,

L-ascorbic-acid-2-phosphate and �-glycerophosphate, as described in Section 2.2.4, and

followed up to 21 days for the MSC line Y201. To confirm osteogenesis, histological ALP

and von Kossa staining were performed at days 0, 7, 14 and 21 in samples prepared in

parallel to those that were analysed with RS. The experimental procedures for the staining

were described in Section 2.2.5.

Figure 5.4 shows the optical images for the histological alkaline ALP and von Kossa

staining. This is a traditional staining assay that detects an increase in the extracellular
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5.2 Osteo-induced MSCs

alkaline phosphatase enzyme activity and PO3�
4 deposits [149]. The images obtained

compare cells kept in the basal condition with those induced into osteogenic di↵erentiation.

The top image on Figure 5.4 shows an overview of the well plates, while the bottom image

shows the same wells at a higher magnification (using a x5 lens), where day 0 corresponds

to the day when the di↵erentiation was induced. No changes are seen on the histological

staining images of the cells kept in basal medium, whereas osteo-induced cells showed,

from day 14 onwards, the dark brown colour characteristic of the von Kossa staining and

originated from the reaction of the phosphate deposits with the silver nitrate used.

The ALP staining, which used naphthol-AS-MX and Fast Red TR salt, preceded the

von Kossa staining. The ALP hydrolyses the naphthol-AS-MX into a phenol component

that combines with the Fast Red TR salt producing a pink/red colour [195]. This pink/red

colour was observed during the staining process, but it was obscured by the dark brown

from the metallic silver originated from the von Kossa staining and it is not visible in the

saved images.

The Raman spectra obtained from the cells cultured in the basal and in the osteogenic

medium, at days 0, 7, 14 and 21, are shown in Figures 5.5a and 5.6, respectively. The

images display their averaged Raman spectra and respective SE envelopes. Small changes

are observed in the spectra obtained from the cells kept in basal condition. These changes

are consistent to cytoplasm contribution into the nucleus signal, which may have been

caused by an increase of the cell layer thickness. Figure 5.5b shows the comparison between

the averaged spectra (16 per sample) obtained from the nucleus and from the cytoplasm of

the live Y201 cells. A decrease in the relative intensity of peaks assigned to nucleic acids

(marked with the arrows) is seen in the cytoplasm spectrum. Other changes are observed

in the high-wavenumber region, mainly for the relative intensity of the lipid peak at 2850

cm�1. Assignments for these peaks are listed on Tables 3.1 and 4.1.
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5.2 Osteo-induced MSCs

Figure 5.4: ALP and von Kossa staining of osteo-induced cells. The staining was per-

formed at days 0, 7, 14 and 21 on cells kept in the basal and in the osteogenic medium. Top

images: stereomicroscope images showing the entire wells. Bottom images: more details

of the mineral content were captured with a 5x objective on a conventional microscope.

Scale bars are 5 mm (top images) and 250 µm (bottom images).
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Figure 5.5: (a) Averaged Raman spectra of basal Y201 MSC line for the time-points at

days 0, 7, 14 and 21, along with their respective SE envelopes. (b) Comparison between

cytoplasm and nucleus Raman spectra for the same cell line. Note the decrease in the

relative intensity of peaks assigned to nucleic acids (marked with arrows) in the fingerprint

region and the changes in the high-wavenumber region, mainly for the lipid peak at 2850

cm�1. Such changes are noted in the spectra of MSCs in basal medium at days 14 and

21. In both graphs the spectra were o↵set for clarity.
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5.2 Osteo-induced MSCs

A dramatic change is observed in the spectra of the osteo-induced cells (Figure 5.6),

during the experiment time-course. This is characterised by the prominence of peaks at

956 cm�1 and 1069 cm�1, respectively assigned to the phosphate (PO3�
4 ) ⌫1 symmetric

stretching of hydroxyapatite and to the carbonate (CO2�
3 ) ⌫1 symmetric stretching [126,

127, 134]. The obtained spectra has similar characteristics to that of other studies on

osteogenesis di↵erentiation of MSCs and the presence of phosphate and carbonate indicates

mineral deposition by the cells [41,126,127,131].

The acquired Raman spectra revealed the presence of mineralised nodules as soon as

day 7 (insert graph in Figure 5.6), which were not detected by the ALP and von Kossa

staining method used. However, these nodules comprised only two spectra out of sixteen

obtained during acquisition, indicating their small, but not inconsequential e↵ect. Optical

images of the nodules found at day 7, and their respective spectra, are shown in Figure
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Figure 5.6: Averaged Raman spectra of the osteo-induced Y201 MSC line. The spectra

are shown for the time-points at days 0, 7, 14 and 21 along with their respective SE

envelopes. Dramatic changes are observed from day 7 onwards in the 956 cm�1 and 1069

cm�1 bands (marked with arrows), respectively assigned to the mineral apatite and mineral

carbonate, which indicates mineralisation. The inset shows details of the fingerprint region

for the spectra of both days 0 and 7. The spectra were o↵set for clarity.
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5.2 Osteo-induced MSCs

5.7. In general, the hydroxyapatite signature in the Raman spectra of human MSCs is

observed after 14 days of osteogenic induction [126, 131], but some aggregated nodule

structures have been noticed at day 12 [134]. The hydroxyapatite peak has also been

detected above the background as early as day 3 on mouse MSC lines [34], day 9 for

human MSCs [35] and day 7 for human adipose-derived stem cells [68].

At day 21 the mineralised nodules were easily observed throughout the sample, covering

large extensions over the cell surface layer. Figure 5.8 shows, as an example, the optical

images and respective Raman spectra obtained in four di↵erent regions. The images reveal

that these structures have di↵erent sizes and shapes and, that during the stages of the

di↵erentiation process they render di↵erent spectral signatures. Such heterogeneity has

been also noticed by Ghita et. al (2014) during the osteogenic di↵erentiation of human

MSCs. In their work they observed that the central part of the nodules accumulated more

crystalline hydroxyapatite, whereas the disordered amorphous apatite was predominantly

found at their edges [134].
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Figure 5.7: Mineralised nodules observed at day 7 on the osteo-induced cells. (a) Optical

images of the two mineralised nodules found, marked in A and B, and their respective (b)

Raman spectra, which were o↵set for clarity. Scale bar is 10 µm.
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Figure 5.8: Mineralised nodules observed at day 21 on the osteo-induced cells. (a)

Optical images of di↵erent regions showing the diversity of nodule sizes and shapes, A to

D, and (b) their respective Raman spectra, which were o↵set for clarity. The arrows point

to where the spectra were collected. Scale bar is 10 µm.
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5.2 Osteo-induced MSCs

The mineralised nodules produced by the osteo-induced MSC had their spectra com-

pared across the di↵erent time-points of the di↵erentiation process and also compared to

human and lamb bone. Four di↵erent fragments of human bone, obtained from femoral

heads (FH1, FH2, FH3) and knee (K1), were analysed while immersed in HBSS. The

lamb bone (L), sectioned from the rib, was macerated with hot water and air-dried be-

fore Raman spectra were collected. The preparation of these samples and details about

the Raman acquisition are found in Section 2.4. Figure 5.9 shows a comparison of the

averaged spectra obtained for the MSCs at day 21 with the averaged spectra obtained

from the human and lamb bones. Table 5.2 lists the main peaks observed for the bones,

their measured positions, literature range and peak assignments, in accordance to the

literature [41, 126–129,154].

It is known that the position of the peak assigned to the hydroxyapatite PO3�
4 ⌫1 vi-

bration indicates the type of calcium phosphate species present in the mineral content of
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Figure 5.9: Raman spectra of lamb bone, human bone and mineralised nodules at day 21.

The image shows a comparison between the averaged Raman spectra obtained for the lamb

bone, human bone sample FH1 and mineralised nodules produced by the osteo-induced

cells after 21 days. The spectra were o↵set for clarity.
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5.2 Osteo-induced MSCs

Table 5.2: Assignments of the main peaks observed in the mineralised nodules and bones.

The measured peak positions are compared to a position range found in literature along

with general and detailed descriptions of their assignments. The measured peak position

uncertainty is the equipment’s wavenumber precision of 1 cm�1.

Measured Literature General Detailed

position range assignments assignments

(cm�1) (cm�1)

850 850-855 Proteins C-C in proline, C-C stretch in collagen [127,128,

154] and hydroxyproline ring [126]

876 872-876 Proteins Hydroxyproline [127,128]

956 950-964 Mineral PO3�
4 ⌫1 symmetric stretch [126–129]

apatite

1000 999-1001 Proteins Phenylalanine [126–129,154]

1029 1030-1044 Mineral PO3�
4 ⌫3 asymmetric stretch [126–129,154]

apatite

1069 1065-1070 Mineral CO2�
3 ⌫1 symmetric stretch [126–129,154]

carbonate

1260 1243-1270 Proteins Amide III [126–129,154]

1448 1445-1450 Lipids & CH2 wag [126–129,154]

proteins

1654 1595-1720 Proteins Amide I [126–129,154]

2940 2935-2940 Lipids & CH vibration in lipids and proteins [128,154,179]

proteins

bones and mineralised nodules [129,133]. Therefore, the position of this peak can be used

to categorise these species into three di↵erent band ranged frequencies. Disordered amor-

phous apatite from amorphous calcium phosphate or from A-type carbonate-substitution

(where the carbonate is substituted for hydroxide) has a band between 945 and 950 cm�1,

B-type carbonate-substituted apatite has band from 955 to 959 cm�1, while for crystalline

non-substituted hydroxyapatite the band is between 962 and 964 cm�1 [129, 133]. Thus,

it is important to deconvolve the hydroxyapatite region during the peak fitting process to

allow the identification of the mineral species.

The Raman spectra of the mineralised nodules is also able to provide information

about the quality of the mineral deposited by the cells and assess how similar it is to

197



5.2 Osteo-induced MSCs

native bone. This is obtained by the univariate analysis through the mineral/matrix ratio

(956/850 PIR), the carbonate/phosphate ratio (1069/956 PIR), the CH/phosphate ratio

(2940/956 PIR) and the relative presence of crystalline to disordered apatite (956/945

PIR) [41,126–128]. The FWHM of the main PO3�
4 ⌫1 peak also indicates the crystallinity

of the mineral species [128]. In this work the main PO3�
4 ⌫1 peak corresponded to the

position of the B-type carbonate-substituted apatite peak at 956 cm�1 .

The PO3�
4 ⌫1 band was best fitted with two peaks, one at ⇠956 cm�1 indicating

the presence of B-type carbonate-substituted apatite and the other at ⇠945 m�1, which

indicated the presence of disordered amorphous apatite [129, 133]. Similar fitting for

the mineralised nodules of osteogenic induced human MSCs has also been performed in

literature [134]. Such fitting, therefore, separates the contributions of the disordered and

crystalline phases in the Raman spectra. From Table 5.3 it can be seen that the PO3�
4 ⌫1

position is between 955 cm�1 and 958 cm�1 for all samples indicating the predominance

of B-type carbonate-substitute apatite in the mineralised nodules as well as in the bone

samples. The crystallinity of the mineral produced by the cells increased as indicated by

the decrease of the peak FWHM during the 21 days of di↵erentiation.

Table 5.4 shows other mineral properties obtained from the Raman spectra of the

mineralised nodules, human and lamb bone. The 956/945 PIR easily displays the mineral

phase of the analysed data, indicating that the presence of crystalline apatite relative to

the disordered amorphous phase increased, in the nodules, throughout the di↵erentiation

process. It achieved, at day 21, a value close to that of the human bone, showing that

the nodules were evolving towards a more crystalline phase. Other indication for an

increased crystallinity of the nodules is the carbonate/phosphate ratio (PIR 1069/956),

which slightly decreased reaching values similar to those of human bone, suggesting that

the carbonate substitution into the mineral lattice has decreased.
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Table 5.3: Fitted parameters of the PO3�
4 ⌫1 peak for osteo-induced MSCs, human

and lamb bones. The peak position and FWHM uncertainties are 1 cm�1, which is the

equipment’s precision.

Peak position Peak FWHM

(cm�1) (cm�1)

Osteo-induced MSCs

Day 0 – –

Day 7 957 17

Day 14 955 17

Day 21 956 16

Human bone samples

FH1 958 16

FH2 958 15

FH3 957 15

K1 957 15

Lamb bone sample

L 956 14

Table 5.4: Mineral properties of osteo-induced MSCs, human bone and lamb bone. The

properties were obtained via PIRs obtained from the curve fitting of the Raman spectra.

Crystallinity Mineral/matrix Carbonate/phosphate CH/phosphate

(956/945) (956/850) (1069/956) (2940/956)

Osteo-induced MSCs

Day 0 – – – –

Day 7 2 ± 1 3 ± 2 0.2 ± 0.1 0.7 ± 0.3

Day 14 4 ± 1 26 ± 6 0.10 ± 0.03 0.10 ± 0.03

Day 21 4.4 ± 0.8 76 ± 11 0.09 ± 0.01 0.050 ± 0.001

Human bone samples

FH1 5.1 ± 0.4 13 ± 1 0.10 ± 0.01 0.08 ± 0.01

FH2 5 ± 1 17 ± 5 0.20 ± 0.04 0.10 ± 0.02

FH3 5.1 ± 0.5 18 ± 2 0.10 ± 0.01 0.05 ± 0.06

K1 5.5 ± 0.9 13 ± 2 0.20 ± 0.03 0.40 ± 0.06

Lamb bone sample

L 3.4 ± 0.6 12 ± 2 0.10 ± 0.02 0.20 ± 0.03

Although the lamb bone showed similar crystallinity to the human bone samples,

demonstrated by the FWHM of the main phosphate peak (Table 5.3), the crystallinity

ratio 956/945 indicated a larger presence of the disordered amorphous phase relative to
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5.2 Osteo-induced MSCs

crystalline apatite, suggesting that the lamb bone is less crystalline than the human bone

samples. This is further confirmed by the small mineral/matrix ratio (PIR 956/850),

which indicates a smaller presence of mineral relative to the bone matrix.

The mineral/matrix ratio (PIR 956/850) of the mineralised nodules increased consid-

erably, reaching values higher than those obtained for the human and lamb bones (Table

5.4). This could suggest that there is an increased amount of mineral relative to bone

matrix at day 21. This is corroborated by the decrease of the CH/phosphate ratio (PIR

2940/956). However, this intense mineral/matrix ratio can also be an indication that the

collagen-rich protein matrix of the bone is not fully formed in this samples.

Such intense mineral/matrix ratio values were also obtained by McManus et al. (2011)

and Chiang et al. (2008), who compared intensity ratios of the hydproxyapatite phosphate

peak against proline (850 cm�1) and phenylalanine (1000 cm�1), respectively [126, 131].

The use of intensity ratios is preferred over area ratios once they are less susceptible to

baseline or background correction errors [126]. However, the choice of matrix band to be

used in the ratio calculation a↵ects its value. For example, ratios using the amide I band at

1654 cm�1 can only be calculated from the area, but are a↵ected by the baseline corrections

[126]. Ratios involving the phenylalanine peak at 999 cm�1 do not provide robust data

since non-collagenous matrix proteins contribute to this peak intensity [126]. Thus, since

only collagenous matrix proteins contribute to the proline peak, the mineral/matrix ratio

956/850 is measuring only the bone matrix content.

From the spectra obtained in the mineralised nodules it was noted that although

the mineral matrix was nearly formed and had characteristics similar to those of bone

(indicated by the crystallinity ratio), the same cannot be assumed by the collagen-rich

protein matrix (Figure 5.9). Peaks assigned to proline and hydroxyproline have merely

been distinguished from the background, while peaks related to amide III, amide I and CH
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5.2 Osteo-induced MSCs

vibrations are not as well resolved in the spectra obtained at day 21 of the osteo-induced

cells as they are in the human and lamb bone spectra. However, these features are in

accordance to other works where the osteogenesis of the MSCs has been studied [126,127].

In these studies, the spectra obtained from the nodules reflected the predominance of type-I

collagen; however, their spectra also displayed a low relative intensity for the matrix peaks

when compared to the spectra of native bone [126,127].

The results presented in Table 5.4 show that the mineral found in the mineralised

nodules, which were produced by the Y201 MSC line after 21 days of osteogenic induc-

tion, have similar architecture to adult human bone, being composed by di↵erent mineral

species. During the analysed time-points the reduction in the amount of disordered amor-

phous phosphate species, indicated by the crystallinity ratio 956/945, contributed to an

increase in the mineral crystallinity of the nodules. The increase in the mineral crys-

tallinity during ostegeonesis has been reported by several other studies on osteo-induced

MSCs [126, 127, 131, 134]. The presence of only non-substituted crystalline hydroxyap-

atite, although increases the crystallinity, does not resemble the complex mineral inter-

action of the mineral species present in native bone [126–128]. Therefore, the fact that

amorphous disordered and B-type carbonate substituted apatite were found in the osteo-

induced MSCs and that the carbonate substitution decreased during osteogenesis suggests

that the MSCs are producing mineral that resembles bone.

5.2.1 Multivariate analysis: PCA-LDA of the osteo-induced MSCs

Multivariate analysis by means of PCA and PCA-LDA were used to inspect the data in

order to verify their discrimination, as described in Section 2.6.3. They were applied to the

spectra obtained from the osteo-induced MSCs and compared from day 0 to day 21. At

day 0 the cells have not started di↵erentiation and their spectra resembles that obtained
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5.2 Osteo-induced MSCs

for the undi↵erentiated Y201 cells in Chapter 4.

The unsupervised PCA applied to the MSCs cultured in osteogenic medium was able

to capture the separation between undi↵erentiated and di↵erentiated cells, for which the

components PC1, PC2 and PC3 accounted for 39%, 18% and 10% of the total variance of

the dataset (Figure 5.10). It can be seen from the scoreplot that the PCA separated the

cells into two groups, clearly discriminating spectra from days 0 and 7 from those obtained

at days 14 and 21. Although mineralisation was observed at day 7, this corresponded only

to two spectra out of the 16 obtained for that time-point. Similar separation of the time-

points has been observed in literature, where the overlapping of spectra of adjacent time-

points was attributed to the continuous phenotypic changes occurring due to di↵erentiation

and to the cells’ many functional aspects [126,159].

Figure 5.11 shows the loadings corresponding to PCs 1, 2 and 3. PC1 loading is mainly

characterised by the background of the regions of the mineral apatite at 956 cm�1 and of

the mineral carbonate at 1069 cm�1. Peaks were identified for the phenylalanine at 999

Figure 5.10: PCA scores for the osteo-induced MSCs. The PCA components PC1, PC2

and PC3 accounted for 39%, 18% and 10% of the total variance of the data. The images

show di↵erent rotations of the same scoreplot.
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cm�1, for the mineral carbonate at 1069 cm�1 and for the lipids at 2850 cm�1.

Loading 2 highlights the bands related to the vibrations of the hydroxyapatite at 956

cm�1 and at 1069 cm�1, showing that both peaks, allied to the di↵erent backgrounds,

contributed to these PC scores. Other peaks contributing to the variance in this PC were

the lipids and protein peaks at 1448 cm�1 and 1654 cm�1. Apart from lipids vibrations,

the bands corresponding to these two peaks are also related to the CH2 and to the amide I

vibrations of the proteinaceous matrix formed during osteogenesis, which could be indica-

tive of the formation of the collagen-rich protein matrix in the di↵erentiated cells. Another

indication for it is the presence of lipid peaks in the high-wavenumber region (2850 cm�1,

2873 cm�1, 2940 cm�1 and 3062 cm�1).

(a)

Figure 5.11: PCA of the osteo-induced MSCs showing loadings of (a) PC1, (b) PC2 and

(c) PC3. The peaks indicated in each loading were the major contributors of each PC

scores.- continued on next page.
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(b)

(c)

Figure 5.11: Continued from previous page. PCA of the osteo-induced MSCs showing

loadings of (a) PC1, (b) PC2 and (c) PC3. The peaks indicated in each loading were the

major contributors of each PC scores.
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Loading 2 also shows that the DNA/RNA peak at 781 cm�1 and the proline peak at

850 cm�1 also contributed to the PC scores. This can be atributed to the relative decrease

of the DNA/RNA peaks against the proteins, as observed from the spectra of the osteo-

induced cells (Figure 5.6). Such contribution has also been observed in the osteogenic

di↵erentiation of dental pulp stromal cells [159].

Loading 3 shows some of the same contributions previously determined, but it also

highlights the contribution of other protein peaks related to the collagen-rich matrix for-

mation, such as the 1124 cm�1 (phospholipids), 1240 cm�1 (amide III) and 1337 cm�1

(CH deformation) peaks.

In order to improve the separation between the time-points, LDA was applied over

the PCA results, since it maximises the variance between groups. For this, only 8 PCs

accounting for 79% of the variance were incorporated into the LDA algorithm. This was

chosen so that the number of PCs input into the algorithm corresponds to half of the

number of spectra obtained for the smallest group (16 spectra), thus preventing overfit-

ting [36]. Figure 5.12 presents the PCA-LDA scores which show a continuous and clear

phenotypic transition from undi↵erentiated MSCs (at day 0) to osteoblasts (at day 21).

The two red points from day 7 sitting with groups belonging to days 14 and 21 correspond

to the two mineralised nodules observed at this time point.

The PCA-LDA algorithm was cross-validated with a training and testing method de-

scribed in Section 2.6.3. For this cross-validation, two thirds of the dataset were used for

training the algorithm, while the rest was used for testing the predictions. The predictions

are summarised in the confusion matrix shown on Table 5.5. It can be seen that none of

the undi↵erentiated cells were classified as belonging to days 14 and 21. However, four

cells from day 14 were wrongly predicted, two of them for day 7 and the other two for

day 21. This indicated the continuous phenotypic changes su↵ered by these cells during
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the process of di↵erentiation. Finally, only one cell from day 21 was misclassified at day

14. If the four time-points are taken into account, the percentage of cells correctly clas-

sified is 70%. If the classification of di↵erentiated (days 14 and 21) and undi↵erentiated

(days 0 and 7) cells is compared, for which only two cells were misclassified at day 7, the

percentage of correctly classified cells is 91%. These results suggest that the PCA-LDA

model could be used for tracking and classifying osteogenic di↵erentiation.

Figure 5.12: PCA-LDA scores for the osteo-induced MSCs. It shows a continuous and

clear phenotypic transition from undi↵erentiated MSCs (at day 0) to osteoblasts (at day

21).

Table 5.5: Confusion matrix of the PCA-LDA classification algorithm results for the

osteo-induced MSCs.

Predicted time-point

Time-point Day 0 Day 7 Day 14 Day 21

Day 0 4 2 0 0

Day 7 0 4 0 0

Day 14 0 2 2 2

Day 21 0 0 1 6
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5.2.2 PIR analyses of the osteo-induced MSCs

The univariate method was here used with the aim to identify markers of the osteogenic

di↵erentiation in the spectra obtained from the osteo-induced MSCs. The emergence of the

hydroxyapatite peak in the spectra is a common osteogenesis marker; however, as indicated

by the multivariate analysis, peaks related to DNA/RNA and to protein vibrations could

also be used. For such, PIRs were calculated from the spectra obtained at days 0, 7, 14

and 21 as per Section 2.6.1.

These PIRs were obtained from ratios of all peaks. The discriminatory markers are

shown from Figure 5.13 to 5.20. Such markers were observed in the ratios against peaks

717 cm�1 (lipids), 781 cm�1 (DNA/RNA), 933 cm�1 (proteins), 945 cm�1 (disordered

amorphous phosphate), 956 cm�1 (carbonate substituted apatite - hydroxyapatite), 1069

cm�1 (lipids, phospholipids, DNA/RNA and mineral carbonate), 1102 cm�1 (lipids, pro-

teins, carbohydrates and DNA/RNA) and 1482 cm�1 (proteins and DNA/RNA).

In general, the relative intensity of peaks 781 cm�1 (DNA/RNA), 1102 cm�1 (lipids,

proteins, carbohydrates and DNA/RNA) and 1482 cm�1 (proteins and DNA/RNA) de-

creased during osteogenesis (Figures 5.14, 5.16 and 5.15, respectively). These peaks have

in common their assignment to the vibrations of the DNA molecule. Other works inves-

tigating ESCs also noticed a decrease in the relative intensity of DNA and RNA bands

during di↵erentiation [33, 36, 56]. However, for these MSCs, this can be explained by the

spectral changes produced by the minerals and collagen matrix present in the mineralised

nodules formed during osteogenesis. These vibrations could have hindered such DNA

peaks, producing the well separated markers obtained for day 21. The PCA had also

shown the importance of the DNA/RNA peak at 781 cm�1 and the proline peak at 850

cm�1, for the variance in the dataset. Adittionaly, the PIR method was able to evidence

it by demonstrating that other peaks also assigned to DNA/RNA vibrations su↵ered the
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same changes in their relative intensities. Similar trend for the markers was also observed

for the lipid peak at 717 cm�1 (Figure 5.13).
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Figure 5.13: PIRs against peak 717 cm�1 (lipids) for osteo-induced MSCs showing the

discrimination between di↵erent time-points of the osteogenesis. Attempt for the di↵erent

scales of the right and left Y-axes. The error bars are the propagation of the fitted intensity

SE.
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Figure 5.14: PIRs against peak 781 cm�1 (DNA/RNA) for osteo-induced MSCs. Due to

very contrasting scales, these ratios were split into two graphs (a) and (b), which show the

decrease in the relative intensity of this peak against others. Also, note the di↵erent scale

for the right and left Y-axes. The error bars are the propagation of the fitted intensity

SE.

209



5.2 Osteo-induced MSCs

10

8

6

4

2

Pe
ak

 in
te

ns
ity

 ra
tio

 (
PI

R)
 b

io
m

ar
ke

rs

850 875 1240 1260

Raman shift (cm-1
)

Ratios relative to 1482 cm-1 (Proteins & DNA/RNA)

DN
A/

RN
A,

 A
m

id
e 

III

Am
id

e 
III

Pr
ot

ei
ns

,

Pr
ot

ei
ns

, l
ip

id
s,

Pr
ot

ei
ns

, l
ip

id
s,

pr
ol

in
e

ca
rb

oh
yd

ra
te

s,
hy

dr
ox

yp
ro

lin
e

DN
A/

RN
A,

Pr
ot

ei
ns

, l
ip

id
s,

Y201 osteogenesis

 Day 0
 Day 7
 Day 14
 Day 21

(a)

90

80

70

60

50

40

30

Pe
ak

 in
te

ns
ity

 ra
tio

 (
PI

R)
 b

io
m

ar
ke

rs

850 875 1240

Raman shift (cm-1
)

Ratios relative to 1482 (Proteins & DNA/RNA)

500

400

300

200

100

0

6
4
2
0

945 956

DN
A/

RN
A,

 A
m

id
e 

III

Pr
ot

ei
ns

,

Pr
ot

ei
ns

, l
ip

id
s,

Pr
ot

ei
ns

, l
ip

id
s,

pr
ol

in
e

ca
rb

oh
yd

ra
te

s,
hy

dr
ox

yp
ro

lin
e

Hy
dr

ox
ya

pa
tit

e

Di
so

rd
er

ed
 p

ho
sp

ha
te

Y201 osteogenesis

 Day 0
 Day 7
 Day 14
 Day 21

(b)

Figure 5.15: PIRs against peak 1482 cm�1 (lipids, proteins, carbohydrates and

DNA/RNA) for osteo-induced MSCs. Due to very contrasting scales, these ratios were

split into two graphs (a) and (b). The markers show the decrease in the relative intensity

of this peak during osteogenesis. The error bars are the propagation of the fitted intensity

SE.
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Figure 5.16: PIRs against peak 1102 cm�1 (lipids, proteins, carbohydrates and

DNA/RNA) for the osteo-induced MSCs. Note the di↵erent scale for the right and left

Y-axes. The error bars are the propagation of the fitted intensity SE.

Markers obtained against peak 933 cm�1 (Figure 5.17) showed an oscillation of this

peak intensity relative to other cellular components. It initially decreased, from day 0

to day 7, when it started to increase relatively to other biomolecules. The peak at 933

cm�1 is assigned to vibrations of ↵-helix proteins and to the skeletal C-C of collagen

backbone [127, 196, 197]. Thus, the variations in this peak relative intensity could be due

to the start on the production of the collagen-rich protein matrix during di↵erentiation.

Type-II collagen has been noticed in the Raman spectra of pre-mineralised MSCs, while

type-I collagen was observed on mineralised cells from day 21 onwards [126, 127]. In

literature, this was correlated to an increased expression of chondrogenic markers, such as

the genes Sox9 (gene essential for cartilage formation) and Col2a1 (type-II collagen gene),

during osteogenesis [127]. However, in this work, type-II collagen peaks were not observed
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Figure 5.17: PIRs against peak 933 cm�1 (proteins) for osteo-induced MSCs, showing

full discrimination between undi↵erentiated MSCs, early (day 7) and late stages (days

14 and 21) of the in vitro osteogenesis. The error bars are the propagation of the fitted

intensity SE.

in the pre-mineralised MSC’s averaged spectra (at day 7), nor were the Y201 MSCs tested

for the expression of these genes in previous work. It could be that type-II collagen would

be noted in the spectra between days 0 and 7; however, these other time-points were

not evaluated. Thus, the oscillation observed in the relative intensity of the 933 cm�1

peak could be reflecting the transition from type-II to type-I collagen, since during the

mineralisation process the cells deposit the minerals over an extra-cellular matrix mainly

composed of type-I collagen [127]. The spectra obtained from the mineralised nodules (at

days 14 and 21) reflected this protein content by the prominent bands of the amide I (1654

cm�1) and amide III (1240 cm�1).

The ratios against the phosphate vibrations 945 cm�1 and 956 cm�1 expose the clear

di↵erence between initial (at day 7) and late (at day 21) time-points during osteogenesis

(Figures 5.18 and 5.19).
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Figure 5.18: PIRs against peak 945 cm�1 (disordered amorphous phosphate) for osteo-

induced MSCs. Due to very contrasting scales, these ratios were split into two graphs (a)

and (b), which show the increase in the relative intensity of this peak against others. In

order to better visualise the di↵erences, the Y-axis was split on graph (a), while (b) has

di↵erent scales for the right and left Y-axis. The error bars are the propagation of the

fitted intensity SE.
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Figure 5.19: PIRs against peak 956 cm�1 (B-type carbonate substituted hydroxyapatite)

for osteo-induced MSCs. Due to very contrasting scales, these ratios were split into two

graphs (a) and (b), which show the increase of this peak relative to others. In order to

better visualise the di↵erences the Y-axis was also split on both graphs. The error bars

are the propagation of the fitted intensity SE.
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5.2 Osteo-induced MSCs

Both 945 cm�1 and 956 cm�1 peaks were only detected in the spectra from day 7

onwards, when the mineralisation process was first detected. Thus, the markers of Figures

5.18 and 5.19 do not show PIRs for day 0. It is important to note that the carbon-

ate/phosphate (1069/956) and the crystallinity (956/945) ratios are also not shown in

Figures 5.18 amd 5.19 because although they have changed during osteogenesis, indicat-

ing a reduction in the carbonate substitution into the mineral lattice and an increase in

the mineral crystallinity, they were not fully discriminated for all time-points. The PIRs

obtained against disordered apatite (945 cm�1) and hydroxyapatite (956 cm�1) are in

accordance to the other works that assign the hydroxyapatite peak as the main marker

for osteogenesis [35, 126,131,134,137].

Finally, the ratios against peak 1069 cm�1 (lipids, phospholipids and DNA/RNA on

the undi↵erentiated cells and mineral carbonate for the di↵erentiated MSCs) also showed a

good separation between initial (at day 7) and late (at day 21) time-points of osteogenesis

(Figure 5.20), being an additional mineral marker. This band is initially assigned to lipids,

phospholipids and DNA/RNA vibrations in the undi↵erentiated MSCs [42,56,66,126,154].

However, with the start of the mineralisation process, its intensity increases due to the

carbonate vibrations, which occur in the same frequency (Table 5.4), resulting in such

separation. The discrimination achieved by the PIRs against the mineral apatite and

mineral carbonate vibrations agree with the contributions of both peaks in the PCA

loadings (Figure 5.11).

Thus, as achieved by the multivariate analyses, the use of an univariate method by

means of PIRs is able to not only discriminating between undi↵erentiated and di↵er-

entiated MSCs, but of also of providing markers that can be used as indicators of the

di↵erent stages of the osteogenic di↵erentiation process. The PIR analyses also provided

markers for osteogenesis other than the presence of peaks related to the mineral apatite
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5.3 Adipo-induced MSCs
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Figure 5.20: PIRs against peak 1069 cm�1 (lipids, phospholipids and DNA/RNA on the

undi↵erentiated cells and mineral carbonate for the di↵erentiated MSCs) for the osteo-

induced MSCs. Note the di↵erent scale for the right and left Y-axes. The error bars are

the propagation of the fitted intensity SE.

and mineral carbonate. Interestingly, three of the PIRs found as markers of osteogenesis

have already been identified as full cell line discrimination markers for the four undi↵er-

entiated MSCs (Section 4.4). Such peaks were the 781 cm�1 (DNA/RNA), 1069 cm�1

(lipids, phospholipids and DNA/RNA on the undi↵erentiated cells and mineral carbonate

for the di↵erentiated MSCs) and 1482 cm�1 (proteins and DNA/RNA). These could be

used to predict osteogenesis competence in undi↵erentiated cells and then tracked during

di↵erentiation.

5.3 Adipo-induced MSCs

Adipogenesis is characterised by the formation of adipocytes, which were identified from

day 7 onwards on the adipo-induced Y201 MSC line. The adipogenesis was induced and
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5.3 Adipo-induced MSCs

followed up for 21 days as described in Section 2.2.4. It can be verified by the presence

of lipid droplets, validated by Oil Red O staining on the basal and adipo-induced cell

cultures (Section 2.2.6). The red colour of the staining was perceived, initially, at day 7

and radically increased at days 14 and 21 for the adipo-induced cells, while no changes

were observed for the basal cultures (Figure 5.21a). Figure 5.21b shows the staining at

day 21 using a higher magnification lens (x10), in contrast to the x5 lens used on Figure

5.21a. This image highlights the denser area in the centre of the well, and also shows more

details of the lipid droplets in the well’s edge, where fewer cells were present.

Raman data was obtained on cells kept in HBSS at days 0, 7, 14 and 21 once adipoge-

nesis had been induced. The preparation of the samples for RS, as well as the acquisition

parameters used, are respectively detailed in Sections 2.2.3 and 2.3. The convergence tests

results, shown in Section 5.1 of this chapter, confirmed that the spectra averaged at each

time-point is su�cient to reflect that population average.

Figure 5.22 shows the averaged Raman spectra and the SE envelope of the data ac-

quired on each time-point for the cells kept in basal medium (Figure 5.22a) and in adi-

pogenic medium (Figure 5.22b). The spectra obtained for this basal culture is similar

to that obtained for the basal culture of the osteogenic experiment (Figure 5.5a), also

showing an increase of the cytoplasm signal at days 14 and 21. Figure 5.23 presents the

spectra obtained at day 21, highlighting the positions of the identified peaks. The peak

position uncertainty is ±1 cm�1, which is the equipment’s wavenumber precision. The

assignments for these peaks are described in Table 5.6, together with the range found in

the literature for their positions.
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5.3 Adipo-induced MSCs

(a)

(b)

Figure 5.21: Oil Red O staining of adipo-induced MSCs. The staining was performed

at days 0, 7, 14 and 21 on basal and adipo-induced cells cultured in 24 well plates. Image

(a) shows the red staining of the lipid droplets present on the adipo-induced MSCs, which

were absent in those kept in basal conditions. (b) Adipo-induced cells at day 21 of the

adipogenesis. These images were captured in two di↵erent regions of the well, one at the

centre showing a dense concentration of adipocytes and the other at the edge. Scale bar

is 250 µm for both images.
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Figure 5.22: Averaged Raman spectra of (a) basal and (b) adipo-induced Y201 MSC

line. Both images display the averaged spectra and the SE envelope of the data obtained

at days 0, 7, 14 and 21 on live MSCs. The inset in image (b) shows details of the day 0

averaged spectra. In both graphs the spectra were o↵set for clarity.
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Figure 5.23: Day 21 averaged spectra of the adipo-induced Y201 MSC line. The image

shows the averaged spectra with the SE envelope and highlights the identified peaks.

A radical change in the spectral profile of the adipo-induced MSCs is seen from day

7 onwards with the prominence of lipid peaks (Figure 5.22b). To allow the comparison

with the undi↵erentiated MSCs, the image inset in this figure shows details of the aver-

aged spectra obtained at day 0. The di↵erences are marked by the rising of very sharp

bands, markedly one band containing peaks 1435 cm�1 and 1448 cm�1 related to the CH2

vibration in lipids, and the other with the 1654 cm�1 peak, which characterises the C=C

stretch in lipids [137, 138, 179, 198]. In the non-di↵erentiated cells, these two bands are

dominated by lipid and protein vibrations; for example, the peak at 1654 cm�1 is assigned

to vibrations of the C=C bond in both proteins and lipids. However, in proteins this is

a↵ected by the low energy of the ↵-helix conformation and the high energy of the �-sheet

conformation, causing its broadening, while lipids, this C=C bond vibration gives rise to

sharper peaks [137]. Thus, it can be assumed that the major peaks observed in the spectra

obtained from the adipocytes are mainly originated from lipids.

Although there are few publications using RS to characterise adipogenesis, these

changes are in accordance to works published by Downes et al. (2011) and Mitchell
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5.3 Adipo-induced MSCs

et al. (2015) on adipose-derived stem cells (ADSCs) [137, 138] and to work conducted by

Smus et al. (2015) on MSCs [140]. In the high-wavenumber region, it can be noted that

the relative intensity of peak 2850 cm�1, related to the CH2 symmetric stretch in lipids

has also increased. This observation is also in agreement with CARS analyses of adipo-

induced ADSCs and MSCs, which revealed that this peak could be used as an indicator of

adipogenesis [139,140]. Although the lipid droplets varied in size, Figure 5.22b shows that

from day 7 onwards the spectra only su↵ered a proportional increase of the peaks relative

intensities, which was also observed by Mitchell et al. (2015) for the ADSCs [138].

Table 5.6: Peak assignments and literature reference of the adipo-induced MSCs. The

assignments in bold correspond to the main lipid peaks observed in the spectra of the

adipo-induced MSCs. The measured peak positions and their literature range are also

shown. The uncertainty of the measured peak positions is 1 cm�1, corresponding to the

equipment’s wavenumber uncertainty.

Measured Literature General Detailed

position range biomolecular biomolecular

(cm�1) (cm�1) assignments assignments

640 640-646 Proteins C-C twist of proteins, tyrosine [179]

696 696-700 Proteins ⌫(C-S) trans (amino acid methionine) [179]

717 717-719 Phospholipids C-N (membrane phospholipids head) [179]

745 745-748 Proteins Symmetric breathing of tryptophan [179]

814 813-817 Proteins C-C stretch of collagen [179]

822 823-826 Saccharides Out-of-plane ring breathing of tyrosine [179]

865 865 Proteins C-C stretch of collagen [179]

885 870-890 Lipids, C-O-C skeletal vibration in lipids [198] and

& proteins C-C in collagen and protein bands [179]

908 904 Proteins C-C skeletal stretch [179]

968 968-971 Lipids & proteins C-C bonds in collagen [138], Phosphorylated pro-

teins and ⌫(C-C) wagging [179]

999 999-1008 Proteins Phenylalanine [138,179]

1013 1011-1013 Proteins Tryptophan ring breathing [179]

1029 1029 -1030 Proteins O-CH3 stretching of methoxy groups and pheny-

lalanine of collagen [179]

1051 1048-1053 Proteins & sac-

charides

C-O stretching and C-N stretching in protein and

glycogen [179]

1060 1057-1069 Lipids C-C stretch in lipids [24, 179,198]

1075 1073-1082 Lipids C-C stretch in lipids [24, 179,198]

Continued on next page
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5.3 Adipo-induced MSCs

Table 5.6 – Continued from previous page

1086 1082-1086 Lipids & proteins C-N bonds in proteins and lipids [138,179]

1113 1114-1119 Lipids C-C stretch in lipids [24, 179,198]

1123 1125 Lipids C-C stretch in lipids [24, 179]

1146 1149 Carbohydrates Carbohydrates [179]

1203 1204 Proteins Amide III and CH2 wagging in proteins and col-

lagen [179]

1260 1258-1268 Lipids & pro-

teins

=CH deformation in lipids [24, 198] and

Amide III [138,179]

1300 1300-1304 Lipids CH2 twisting in lipids [24,179,198], textbfCH3

and CH2 in lipids [138]

1319 1319 Proteins CH3CH2 twisting in collagen [179]

1338 1337-1339 Lipids & proteins CH2CH3 wagging, twisting and/or bending mode

of collagen and lipids [179]

1362 1359-1364 Proteins Tryptophan [179]

1400 1400 Proteins NH in plane deformation and ⌫(C=O)O� of

amino acids [179]

1435 1420-1450 Lipids CH2 scissoring vibration in lipids [24, 179]

1448 1440-1450 Lipids CH2 and CH3 scissoring [198], CH2 in fatty

acids [138,179]

1581 1580-1583 Proteins C=C bending of phenylalanine [179]

1604 1602-1607 Proteins C=C in-plane bending mode of phenylalanine and

tyrosine [179]

1623 1623 Proteins Tryptophan [179]

1654 1654-1656 Lipids C=C stretch in lipids [24, 138,198]

1744 1746-1749 Lipids C=O stretch in lipids [198]

2724 2724 Lipids & proteins CH stretch vibration [179]

2850 2850-2875 Lipids CH2 symmetric stretch in lipids [24,179,198]

2858 2850-2875 Lipids CH2 symmetric stretch in lipids [24,179,198]

2873 2850-2875 Lipids CH2 symmetric stretch in lipids [24,179,198]

2892 2889-2908 Lipids & pro-

teins

CH2 asymmetric stretching in lipids [198],

CH3 symmetric stretch of lipids and proteins [72,

154]

2910 2912-2930 Lipids CH2 asymmetric stretch in lipids [24,72,154,

179]

2930 2930-2940 Lipids & proteins CH vibration in lipids and proteins [24, 179]

2940 2930-2940 Lipids & proteins CH vibration in lipids and proteins [24, 179]

2958 2958 Lipids & proteins CH3 asymmetric stretch [24,179]

3009 3007-3015 Lipids Unsaturated =CH stretching in lipids [24,

179,198]
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5.3 Adipo-induced MSCs

5.3.1 Multivariate analyses: PCA-LDA of the adipo-induced MSCs

A PCA was applied to the adipo-induced MSC spectra from day 0 to day 21 in order to

unveil the most important Raman bands responsible for the variance between the time-

points, as described in Section 2.6.3. The unsupervised PCA results (Figure 5.24) show

the clear separation between the spectra obtained at day 0 and the spectra from the lipid

droplets at days 14 and 21. The spectra from day 7 appears scattered across the two

groups (Figure 5.24). The overlapping of adjacent time-points is expected if continuous

phenotypic changes are occurring [159]. The PCA scoreplot indicates that these changes

are continuous but, from day 14 onwards, many of the cells share the same phenotype and

functional aspects. These results agree with the similar findings obtained for ADSCs [138].

PC1, PC2 and PC3 accounted, respectively, for 51%, 11% and 6% of the total variance and

their loadings are shown in Figure 5.25. PC1 is the responsible for most of the separation

between the spectra at day 0 and days 14 and 21.

Figure 5.24: PCA scores of the adipo-induced Y201 MSC line. PCA components PC1,

PC2 and PC3 accounted, respectively, for 51%, 11% and 6% of the total variance. The

two images show di↵erent rotations of the same scoreplot.
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5.3 Adipo-induced MSCs

(a)

(b)

Figure 5.25: PCA of the adipo-induced MSCs showing loadings of (a) PC1, (b) PC2

and (c) PC3. The peaks indicated in each loading were the major contributors of each PC

scores. - continued on next page.
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(c)

Figure 5.25: Continued from previous page. PCA of the adipo-induced MSCs showing

loadings of (a) PC1, (b) PC2 and (c) PC3. The peaks indicated in each loading were the

major contributors of each PC scores.

The analysis of the PC loadings allows a better understanding of Raman bands con-

tributing to the variance in the data. PC1 loading (Figure 5.25a) shows that the pheny-

lalanine peak (999 cm�1) and all other peaks associated to lipids (1260 cm�1, 1300 cm�1,

1435 cm�1, 1448 cm�1, 1654 cm�1, 1744 cm�1, 2850 cm�1, 2873 cm�1 and 3009 cm�1)

are major contributors for the PC1 scores. The PC2 loading (Figure 5.25b) highlights, in

the fingerprint region, the peaks associated to proteins (968, 999 and 1013 cm�1) and the

lipid peaks at 1654 cm�1 and 1744 cm�1. Other lipid and protein peaks are observed in

the high wavenumber region, such as the peaks at 2850 cm�1 (CH2 stretch in lipids) and

at 2930 cm�1 (CH vibration in proteins and lipids).

From the PCA scoreplot, it can be seen that PC3 separated some of the cells at day

14 from those at day 21 (Figure 5.24). The PC3 loading (Figure 5.25c), responsible for
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5.3 Adipo-induced MSCs

6% of the variance, similarly highlights the previously mentioned lipids peaks. However,

it shows that the peak at 1113 cm�1 (C-C stretch in lipids) also contributed to the PC3

scores.

The results obtained with the PCA show that adipogenesis clearly a↵ects the cell

biomolecular signature as demonstrated by the PC1 loadings. It was this PC component,

which accounted for 51% of the variance in the dataset, that separated undi↵erentiated

MSCs from the adipocytes. In the study performed on ADSCs by Mitchell et. al (2015),

the combination of PC1 and PC2 resulted in the separation between di↵erentiated and

undi↵erentiated cells; however, in their work the protein peaks appeared only in the second

principal component [138]. Although in the MSCs the protein contribution was verified

since PC1, the obtained results are in accordance with literature findings and show that

the relation between proteins and lipids was responsible for the discrimination of the

adipocytes from the undi↵erentiated MSCs.

Similarly to the PCA-LDA model used for the osteo-induced MSCs, a model was

built for the adipo-induced cells. This model also used 8 PCs, accounting for 82% of the

variance in the dataset, in order to prevent the overfitting of the data. Details about the

PCA-LDA are found in Section 2.6.3. The PCA-LDA algorithm did not notably improve

the results obtained by the PCA itself, only better grouping the spectra obtained at day

0 (Figure 5.26). The cross-validation of the model was performed with a training and

testing algorithm, with the prediction results summarised in Table 5.7. As explained in

Section 2.6.3, two thirds of the data were used to train the model and the other third was

used for the predictions. The model correctly classified all spectra from day 0, but spectra

from day 7 were wrongly predicted to days 14 and 21. The spectra from days 14 and

21, for which the characteristic lipid peaks were well distinguished, were not incorrectly

classified as belonging to days 0 or 7. However, they were wrongly predicted among days
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14 an 21. Although the algorithm correctly discriminated all undi↵erentiated cells, the

percentage of cells correctly classified is 73% if all four time-points are considered. This

percentage shows that the model is not able to discriminate between the adipocytes at

di↵erent time-points, such as days 7, 14 and 21. The model showed a very clear progression

of the di↵erentiation and it was good at discriminating the undi↵erentiated cells (day 0)

from the adipocytes (days 7, 14 and 21), which is indicated by the absence of incorrect

predictions to day 0.

Figure 5.26: PCA-LDA scores for the adipo-induced MSCs, showing the phenotypic

transition from undi↵erentiated cells (day 0) to adipocytes (days 7, 14 and 21).

Table 5.7: Confusion matrix of the PCA-LDA classification algorithm results for the

adipo-induced MSCs.

Predicted time-point

Time-point Day 0 Day 7 Day 14 Day 21

Day 0 6 0 0 0

Day 7 0 4 1 1

Day 14 0 0 2 3

Day 21 0 0 1 4
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5.3.2 PIR analysis of the adipo-induced MSCs

From the results of the multivariate analyses it was clear that presence of the sharp lipid

peaks in the spectra and their relation to the protein peaks could be used as markers for

adipogenesis. PCA and PCA-LDA clearly separated the spectra of the undi↵erentiated

cells (at day 0) from the spectra of the adipocytes (at days 7, 14 and 21). However, it

only separates to a certain degree the adipo-induced MSCs at days 7, 14 and 21. Thus,

the ratiometric analysis (Section 2.6.1) was applied to the data obtained at days 0, 7, 14

and 21, in order to identify if there are markers that could be related to the stage of the

di↵erentiation process.

The PC1 loading indicated the phenylalanine peak at 999 cm�1 and the sharp lipid

peaks as major contributors of the scores obtained in PC1 (Figure 5.25a); nonetheless,

ratios were calculated between all identified peaks. From the ratiometric analysis, it was

noted that PIRs of lipid peaks against other lipid peaks did not discriminate the time

points. This suggests that the lipid type was the same throughout the time-points and

that the relative intensity of the lipid peaks increased equally during adipogenesis. The

increase in the relative intensity of lipid peaks has been suggested to be caused by the

increase of the thickness of the cells [138].

Discriminating markers were only found against the protein peaks at 696 cm�1 and

999 cm�1 assigned to the C-S vibration in methionine and to phenylalanine, respectively

(Figure 5.27). Many of the peaks observed in the spectra of the adipo-induced MSCs were

not present in the spectra of the undi↵erentiated cells (day 0). Thus, in Figure 5.27, the

PIRs obtained at day 0 are not connected by a line.

228



5.3 Adipo-induced MSCs

140

120

100

80

60

40

20

0

Pe
ak

 in
te

ns
ity

 ra
tio

 (
PI

R)
 b

io
m

ar
ke

rs

81
4

82
2

86
5

88
5

90
8

96
8

10
51

10
60

10
75

10
86

11
13

12
60

13
00

14
35

14
48

16
54

17
44

Raman shift (cm-1
)

Ratios relative to 696 cm-1 (Proteins)

Pr
ot

ei
ns

Pr
ot

ei
ns

Pr
ot

ei
ns

Li
pi

ds

Pr
ot

ei
ns

Li
pi

ds
, p

ro
te

in
s 

& 
ph

os
ph

or
yl

at
ed

 p
ro

te
in

s

Pr
ot

ei
ns

Li
pi

ds

Li
pi

ds

Pr
ot

ei
ns

 &
 li

pi
ds

Li
pi

ds

Li
pi

ds

Li
pi

ds

Li
pi

ds

Li
pi

ds

Li
pi

ds

Li
pi

ds

 Day 0
 Day 7
 Day 14
 Day 21

Y201 adipogenesis

(a)

15

10

5

0

Pe
ak

 in
te

ns
ity

 ra
tio

 (
PI

R)
 b

io
m

ar
ke

rs

81
4

82
2

86
5

88
5

90
8

96
8

10
51

10
60

10
75

10
86

11
13

12
60

13
00

14
35

14
48

16
54

17
44

Raman shift (cm-1
)

Ratios relative to 999 cm-1 (Proteins)

Pr
ot

ei
ns

Pr
ot

ei
ns

Pr
ot

ei
ns

Li
pi

ds

Pr
ot

ei
ns

Li
pi

ds
, p

ro
te

in
s 

& 
ph

os
ph

or
yl

at
ed

 p
ro

te
in

s

Pr
ot

ei
ns

Li
pi

ds

Li
pi

ds

Pr
ot

ei
ns

 &
 li

pi
ds

Li
pi

ds

Li
pi

ds

Li
pi

ds

Li
pi

ds

Li
pi

ds

Li
pi

ds

Li
pi

ds

 Day 0
 Day 7
 Day 14
 Day 21

Y201 adipogenesis

(b)

Figure 5.27: PIRs against the (a) 696 and (b) 999 m�1 peaks for the adipo-induced

MSCs, showing markers for the time-point discrimination. The error bars are the propa-

gation of the fitted intensity SE.
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The 696 cm�1 peak was not identified in the PCA loadings (Figure 5.25) and this

could be related to the small contribution of this peak to the PC scores. The markers

obtained against the phenylalanine peak (999 cm�1) for the ratios of peaks at 1260 cm�1,

1300 cm�1, 1435 cm�1, 1448 cm�1, 1654 cm�1 and 1744 cm�1 agree with the PC1 loading

where they were highlighted as major contributors of this PC scores (Figure 5.25a).

For both ratios, the adipo-induced MSCs at day 7 have markers well separated from

those at days 14 and 21. Notably, the relative intensity of lipid peaks against proteins

has substantially increased from day 7 to days 14 and 21, as seen on the PIRs from

1260 cm�1 to 1654 cm�1. However, the majority of PIRs were not able to resolve the

spectra obtained at days 14 and 21, resembling the results obtained by the PCA and

PCA-LDA. The only discriminatory markers found for all time-points are the PIRs of the

822 cm�1, 885 cm�1 and 1744 cm�1 peaks, for both ratios. The 822 cm�1 peak is assigned

to proteins and DNA/RNA vibrations, while the 885 cm�1 and at 1744 cm�1 peaks are

assigned, respectively, to the C-O-C skeletal and C=O stretch vibrations in lipids. These

PIRs could, therefore, be used for the full discrimination of the adipogenic stage, from

day 7 to day 21 of the di↵erentiation process. However, due to the di�culty in fitting

the very convoluted region from 800 cm�1 to 950 cm�1, the single peak at 1744 cm�1

is a better candidate. In addition, the phenylalanine peak (999 cm�1) is well defined at

all time-points, thus ratios against this peak are favourable over those calculated against

the 696 cm�1 peak. In summary, ratios against the phenylalanine peak can be used as

markers of the stage of the adipogenic di↵erentiation and the 1744/999 PIR for its full

discrimination.
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5.3 Adipo-induced MSCs

5.3.3 Identification of the lipid species

The spectra obtained from the adipo-induced MSCs (from day 7 onwards) resulted mainly

from the signal captured from lipids stored in the lipid droplets. Thus, they were compared

to the spectra of other pure fatty acids and lipids in order to attempt the identification of

the stored lipids. From a literature search on databases of Raman spectra obtained from

lipids and fatty acids, it was inferred that the adipo-induced cell spectrum was similar to

that of oleic acid, triolein or tripalmitolein [196,198].

It is known that lipid droplets are an important part of the energy storage system

of cells and that they are formed by a core of neutral lipids, such as triacylglycerols

(TAG) and sterol esters, enclosed by a monolayer of phospholipids and proteins [199].

Thus, other pure fatty acids and phospholipids commonly found in membranes were also

included in the analysis. All lipids and fatty acids analysed are listed on Table 2.5 from

Section 2.5 together with the methods for sample preparation and the Raman acquisition

parameters. Although it was indicated by the literature search that tripalmitolein has a

similar spectra to that obtained from the cells, a sample of tripalmitolein was not available

for the comparisons.

From the data collected, it was noted that the spectra of oleic acid and triolein (Figure

5.28) were very similar with those obtained from the adipo-induced MSCs (Figure 5.23).

The spectra obtained from all other listed lipids are presented in Appendix D, from Figure

D.1 to D.5.

Triolein is a triacylglyceride that is composed of unsaturated oleic acid and is derived

from glycerol [198]. It can be seen that the major spectral di↵erence between triolein

and oleic acid is the absence, on the latter, of the 1744 cm�1 peak, which corresponds

to the C=O stretch [198]. Therefore, among the lipids analysed in this study, triolein is

the closest candidate for the signature observed in the adipo-induced MSCs. However,
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5.3 Adipo-induced MSCs

Table 5.8: Raman characteristics of the adipo-induced MSCs intracellular lipid and

triolein.

Unsaturation Degree TUFA/TFA Chain length

(1654/1448) (1654/1308) (3007/2850) (2930/2958) (1448/1744)

Day 0 – – – – –

Day 7 2.8 ± 0.7 2.8 ± 0.7 0.4 ± 0.1 1.1 ± 0.2 2.8 ± 0.7

Day 14 2.3 ± 0.4 2.3 ± 0.4 0.30 ± 0.07 1.2 ± 0.2 2.6 ± 0.4

Day 21 2.2 ± 0.5 2.2 ± 0.4 0.30 ± 0.07 1.3 ± 0.2 2.5 ± 0.5

Triolein 2.3 ± 0.1 2.5 ± 0.1 0.30 ± 0.01 1.70 ± 0.08 2.6 ± 0.1

triolein and tripalmitolein are TAGs with very similar Raman signatures [198] and thus,

also similar to the spectra obtained from the adipo-induced MSCs.

In order to have a better understanding of the lipids found in the adipo-induced MSCs,

a lipidomic analysis was performed. This consists of obtaining the unsaturation degree of

the fatty acid, an indication of its chain length and the relative quantities of unsaturated

fatty acids to the total amount of fatty acids (TUFA/TFA) by calculating PIRs from

certain Raman peaks [24, 54, 72]. The unsaturation degree is obtained by the 1654/1448

(C=C stretch/CH2 scissoring) and 1654/1300 (C=C stretch/CH2 twisting) PIRs, while

the chain length is calculated from the 2930/2958 (CH2 stretch/CH3 stretch) PIR and the

TUFA/TFA from the 3010/2850 (=CH stretch/CH2 stretch) PIR [24,54].

These ratios were compared between triolein and the time-points at days 7, 14 and

21 from the adipo-induced MSCs (Table 5.8). The lipidomics show no di↵erence between

the ratios obtained from the cells, indicating that the same lipid type was present at all

time-points, in agreement with the results found so far via univariate and multivariate

analyses. Triolein displayed an unsaturation degree, chain length and TUFA/TFA that

are similar to those obtained for the adipo-induced MSCs.

The chain length ratio is not the value of the lipid chain length itself, but an indication

if its size has changed from one sample to the other. It can be seen that for both chain
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5.3 Adipo-induced MSCs

(a)

(b)

Figure 5.28: Raman spectra obtained from (a) oleic acid and (b) triolein. Note the dif-

ferent range on the left and right Y-axes. The insert window shows the chemical structure

of each lipid as per [200].
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5.3 Adipo-induced MSCs

length ratios, the lipid found in the adipo-induced MSCs had comparable values to those

of triolein. Based on these results it can be assumed that the lipid droplets formed during

adipogenesis contain a high level of triolein. However, since tripalmitolein has a very

similar Raman signature to triolein, it could also lead to analogous results.

Adipocytes from the white adipose tissue (WAT) contain a single large lipid droplet

(10-100 µm) in its cytoplasm, thus being called unilocular adipocytes; in contrast, the

multilocular adipocytes from the brown adipose tissue (BAT) contain several small lipid

droplets (2-10 µm) [201,202]. The size of the adipocyte is related to the cell lipid content

[201] and its volume is a determinant of cell’s functionality; larger adipocytes exhibit

higher metabolic activity and secrete more chemoattractants to immune cells [203]. WAT

are a site for fuel storage and act as a regulatory centre of energy; in contrast, the BAT

protect the organism from hypothermia once they are specialised in thermogenesis [201].

From the Oil red O staining (Figure 5.21) and optical images saved during Raman

inspection at day 21 (Figure 5.29), it can be observed that the lipid droplets formed on

the adipo-induced MSCs seem to be multilocular. Their multilocular architecture could

indicate that these cells may form brown adipose tissue; however, at this point and without

further experiments it is not possible to further evaluate their functionality.
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5.4 Chapter conclusions

Figure 5.29: Optical image of the adipo-induced MSCs at day 21 shows multilocular

lipid droplet structure. Scale bar is 10 µm.

The indication by RS for a major presence of triolein, or possibly tripalmitolein, in the

lipid droplets is in accordance to the fact that most lipid bodies store mainly TAGs [199].

The fact that MSCs can di↵erentiate into adipocytes may be linked to the observation

that the bone marrow is partially replaced by adipose tissue with ageing; however, some

forms of osteoporosis may be linked to an increased tendency of osteoblasts precursors

to di↵erentiate into adipocytes [204]. These initial results therefore shine some light on

knowing which lipid species are stored in the lipid droplets and help to understand the

functionality of the adipocytes di↵erentiated from the MSCs.

5.4 Chapter conclusions

Both osteogenesis and adipogenesis were easily detected by RS due to the contrasting

spectra between undi↵erentiated and di↵erentiated cells. Osteogenesis was observed from

day 7 onwards in the form of mineralised nodules deposited by the cells. Adipocytes were

also noticed from day 7 onwards and their spectra contained the intense signature of lipids.

The convergence tests verified that the averaged spectra used in the analyses repre-
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5.4 Chapter conclusions

sented the population average for each experiment. However, the higher converged %SE

obtained for the cells under di↵erentiation, in comparison to undi↵erentiated cells, re-

flected the diversity of such populations. Mineralised nodules of di↵erent sizes and shapes

were observed during osteogenesis and the relative intensity of the lipids peaks increased

during adipogenesis.

The use of ratiometric analysis allowed the assessment of the mineral deposited by the

cells during osteogenesis. The mineralised nodules produced by the Y201 MSCs after 21

days of osteogenic induction were found to have similar architecture to adult human bone,

composed of di↵erent mineral species. The position of the phosphate group (PO3�
4 ⌫1)

indicated that B-type carbonate substituted apatite and disordered amorphous phosphate

were present in both mineralised nodules and native human bone samples. After 21 days, a

reduction of the disordered amorphous phosphate species contributed to an increase of the

mineral crystallinity of the nodules, and values comparable to those of native bone were

obtained. Therefore, the fact that amorphous disordered and B-type carbonate substituted

apatite were found in the osteo-induced MSCs suggests that they are producing a mineral

content resembling that of native bone.

On the other hand, although the mineral matrix was nearly formed and had character-

istics similar to those of bone, the same could not be assumed for the collagen-rich protein

matrix. Peaks assigned to proline and hydroxyproline had merely been distinguished from

the spectrum background, while peaks related to amide III, amide I and CH vibrations

were not well resolved in the spectra obtained at day 21 of the osteo-induced cells.

The multivariate analyses and PIRs indicated that markers of osteogenesis comprised

not only peaks assigned to the mineral apatite, but also to DNA/RNA and proteins.

The PIR analysis revealed that ratios against lipids (717 cm�1), proteins (933 cm�1),

DNA/RNA (781 cm�1) and bands with overlapping vibrations of lipids and proteins with
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5.4 Chapter conclusions

DNA/RNA (1102 cm�1 and 1482 cm�1) also provided discriminating markers for osteo-

genesis and its evolution from day 0 to day 21.

In addition, ratios against the peak at 933 cm�1 could indicate the start of the forma-

tion of the collagen-rich protein matrix during osteogensis, since this band is observed in

the spectra of type-II and type-I collagen. However, to securely use this peak as a marker

for the development of the protein matrix, the MSC line would need to be tested for their

expression of the genes Sox9 (gene for cartilage formation) and Col2a1 (type-II collagen

gene).

As expected, the PIRs obtained against disordered apatite (945 cm�1) and hydroxya-

patite (956 cm�1) provided discriminating markers of osteogenesis. PIRs obtained from

the mineral carbonate (1069 cm�1) also showed a good separation between initial (day 7)

and late time-points (day 21) of osteogenesis and can be additionally used.

PIRs against the 781 cm�1 (DNA/RNA), 1069 cm�1 (lipids, phospholipids and DNA/RNA

on the undi↵erentiated cells and mineral carbonate for the di↵erentiated MSCs) and 1482

cm�1 (proteins and DNA/RNA) peaks also provided discriminating markers for the four

undi↵erentiated MSC lines (Y101, Y201, Y102 and Y202). Thus, these PIRs can be used

as predictive markers of osteogenesis competence in undi↵erentiated cells and then tracked

during osteogenic di↵erentiation.

Adipogenesis revealed a dramatic change in the spectral signature of the MSCs once the

spectra of the adipo-induced MSCs was dominated by lipid peaks. The main di↵erences

between the non-di↵erentiated and the adipocytes was noticed by the rising of very sharp

lipid peaks on regions of 1448 cm�1 and 1654 cm�1. T

The PIRs revealed that the lipid species remained constant throughout the time-points,

and only its relative intensity increased. In accordance to the multivariate analysis, PIR

markers were identified against the phenylalanine peak (999 cm�1); thus, corroborating
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5.4 Chapter conclusions

the PCA suggestion about the contributions of protein and lipid peaks to the variation

observed in the spectra during the adipogenesis. The identification of adipogenesis markers

based on the intensity of lipid peaks relative to phenylalanine is a straightforward method

once the phenylalanine peak remained very well defined after 21 days of di↵erentiation

and it was not hindered by the lipid peaks.

Finally, RS by means of lipidomic analysis indicated the presence of triacylglycerols,

either triolein or tripalmitolein as the major component of the lipid signature obtained

from the lipid droplets. Optical images also showed a multilocular lipid droplet structure.

However, further experiments are necessary to elucidate both adipocyte composition and

functionality.

In summary, RS was demonstrated as an important method to characterise di↵erenti-

ation and also to identify markers for osteogenesis and adipogenesis. The use of PIRs to

obtain biomolecular markers proved to be a robust method once it was able to indicate the

stage of di↵erentiation for either osteogenesis and adipogenesis. RS, coupled with a care-

ful data analysis, provided an insight into the cell’s chemical features, allowing trackable

markers of the cell biomolecular changes to be unlocked.
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Chapter 6

Conclusions

In this thesis the potential of RS to characterise cells, evaluate cell population heterogene-

ity, discriminate subpopulations of cells and assess di↵erentiation was investigated. Thus,

RS was applied to the analysis of mesenchymal stromal cells, which form heterogeneous

populations containing cells that may or may not have progenitor characteristics and have

dissimilar potential for di↵erentiation. Although these cells are being used in clinical trials,

there is a lack of unique markers for their identification.

This thesis showed that RS was able to discriminate homologous MSCs subpopulations.

The discriminated subpopulations were four hTERT immortalised clonal MSC lines (Y101,

Y201, Y102 and Y202) that have not been totally distinguished by global gene expression

analyses. These four cell lines express the same surface proteins from a panel widely used

to identify MSCs; however, the 02 cell lines are incapable of trilineage di↵erentiation. RS,

combined with PCA-LDA and peak intensity ratio analyses, discriminated between the

di↵erentiation competent (01s) and incompetent (02s) cell lines, in experiments performed

on air-dried and live cells.

In the air-dried experiments, the discrimination of 01s and 02s was obtained for peak in-

tensity ratios against the 932 cm�1 (proteins), 1060 cm�1 (lipids, carbohydrates, phospho-
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lipids and DNA/RNA), 1085 cm�1 (lipids, carbohydrates, phospholipids and DNA/RNA),

1549 cm�1 (proteins) and 1615 cm�1 (proteins) peaks. The discrimination of the four

cell lines was obtained, for these same experiments, against the 970 cm�1 (proteins and

DNA/RNA) peak. The results from Chapter 3 revealed that the discrimination of the

MSC lines obtained against the 970 cm�1, 1549 cm�1 and 1615 cm�1 peaks may point

to a di↵erent reaction of these cells to the air-drying process. The discriminatory Raman

markers obtained against these peaks were related to di↵erent relative intensities of peaks

assigned to phosphorylated proteins (970 cm�1), which are known to increase during des-

iccation, and to tyrosine and tryptophan (1549 cm�1 and 1615 cm�1), known to be linked

to cell death mechanisms.

For the live cell experiments, all discriminatory Raman markers were obtained from

intensity ratios against peaks related to DNA/RNA vibrations. Thus, Chapter 4 indicates

that although the air-dried cells were a↵ected by the air-drying process, they retained some

of the relative di↵erences between DNA/RNA and proteins that were observed for the live

cells. In the live cells, many other Raman markers for the total discrimination of the four

cell lines were obtained, such as the intensity ratios against the 781 cm�1 (DNA/RNA),

1069 cm�1 (lipids, carbohydrates, phospholipids and DNA/RNA) and 1482 cm�1 (proteins

and DNA/RNA) peaks. Trilineage di↵erentiation competence discrimination of the MSC

lines was obtained against the intensity ratios for the 672 cm�1 (DNA/RNA), 744 cm�1

(DNA/RNA), 1088 cm�1 (lipids, carbohydrates, phospholipids and DNA/RNA) and 1422

cm�1 (proteins, lipids and DNA/RNA) peaks.

It is evident that the discrimination of the MSC lines was pertained to relative dif-

ferences between DNA/RNA and proteins. Although these findings are consistent with

previous RS research performed on di↵erentiated and non-di↵erentiated embryonic stem

cells, which discriminated them based on the relative intensities between DNA/RNA and
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proteins, in this thesis these relative di↵erences were verified for undi↵erentiated subpop-

ulations of MSCs. Therefore, they could be used to discriminate cells that are capable

of trilineage di↵erentiation, providing new markers for their characterisation. This dis-

crimination, based in DNA/RNA and protein relative di↵erences, is in line with a nuclear

proteomic study, also performed in homologous undi↵erentiated MSCs, that disclosed dif-

ferences in the expression of proteins between di↵erentiation competent and incompetent

cells.

The Raman maps, although performed on air-dried samples, revealed morphological

di↵erences in the nucleus of the analysed MSCs. Although the four cell lines were cell-

cycle synchronised, the 02s (di↵erentiation incompetent lines) presented regions with high

relative intensity of proteins. These regions were attributed to re-assembled nucleoli as

many more of these cells were found in the S phase after synchronisation. Despite the fact

that only one Raman map was performed per cell line, the peak intensity ratio markers

obtained for these cells agreed with those obtained for their population. This suggests

that this morphological di↵erence has also driven their discrimination.

This thesis also proposed to study the heterogeneity of cell populations. The use of tests

associated to the standard error of the mean and standard deviation allowed a measure of

the heterogeneity degree of such a cell population. The tests showed that the air-dried cells

were more heterogeneous than the live cells, and also, that di↵erentiated MSCs were more

heterogeneous than undi↵erentiated cells. This pointed to an understanding of how the

experimental set-up influences the results, providing a tool to evaluate how many spectra

are needed to characterise a cell population. Unfortunately, due to the nature of the tests,

which were developed based on the uncertainties associated to the averaged spectra, they

may not be suitable to evaluate the quantity of spectra needed if multivariate analyses are

being performed.
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In Chapter 5, the MSCs were investigated during osteogenesis and adipogenesis; how-

ever, due to the nature of the di↵erentiation experiments, the RS results reflect one exper-

imental repeat. The results showed that the osteo-induced Y201 MSC line formed miner-

alised nodules with similar architecture to native human bone. Although the collagen-rich

protein matrix of the nodules did not seem completely formed after 21 days of osteogenic

induction, the obtained results are compatible with other studies also performed on osteo-

induced MSCs. The peak intensity ratio analyses provided Raman markers other than

those usually associated to the presence of hydroxyapatite and mineral carbonate. They

were related to proteins, lipids and DNA/RNA vibrations, such as those obtained against

the 717 cm�1, 933 cm�1, 781 cm�1, 1102 cm�1 and 1482 cm�1 peaks. Uniquely, these

markers show a clear progression of the osteogenic di↵erentiation. This thesis also provided

markers that could be used to predict di↵erentiation competence in undi↵erentiated cells

and then, followed throughout osteogenesis as the peak intensity ratios obtained against

the 781 cm�1, 1069 cm�1 and 1482 cm�1 peaks. The markers obtained during adipogenesis

revealed that proteins and lipids have opposing behaviours, which correlates with studies

already performed in adipose-derived stem cells. The increase in the relative intensity of

lipids can be measured against the phenylalanine peak (999 cm�1), thus providing not

only Raman markers of the adipogenesis but also of its progression. Unlike other research

performed during adipogenesis, this thesis also attempted the identification of the lipids

species stored in the lipid droplets. The results suggested high levels of triolein and/or

tripalmitolein in the adipo-induced MSCs.

The PCA-LDA proved capable of classifying the undi↵erentiated MSCs and predicting

their di↵erentiation competence on both air-dried and live cell analyses. During the os-

teogenesis and adipogenesis, the multivariate analyses indicated the continuos phenotypic

changes su↵ered by the MSCs during the di↵erentiation process.
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Considering the results obtained from this thesis, possible future research avenues are

described next.

This thesis o↵ered suggestive evidence that di↵erences in the DNA/RNA relative to

proteins made possible the discrimination of the MSC lines. These findings suggest that

it is useful to focus on the study of the MSCs nuclear proteome, particularly prior to

di↵erentiation, in order to verify if these cell lines over-express di↵erent proteins.

Another avenue for further study would be research into the specific biomolecular

changes caused by the air-drying process. The findings suggested that these cell lines were

di↵erently a↵ected by it. Thus, this di↵erent modulation might uncover new markers for

their discrimination.

Further research with primary MSCs should be expanded. Although the clonal hTERT

MSC lines can be used as models for understanding the biomolecular di↵erences between

di↵erentiation competent and incompetent cells, the hTERT over-expression can a↵ect

other biological functions. Thus, it is important to investigate such discrimination in

primary cells.

The Raman mappings revealed morphological di↵erences between these cell lines that

could be linked to their discrimination; however, they were performed on air-dried cells.

Although these mappings usually take around 19h to be completed, ultra-fast Raman

mapping could be applied to investigate the nucleus morphology of live cells.

Osteogenesis revealed that the mineralised nodules produced by the osteo-induced

MSCs had similar architecture to native human bone. Thus, it would be interesting to

investigate the similarities of the adipo-induced MSCs with adipocytes from brown and

white adipose tissues.

This research showed that RS is capable of performing subpopulation discrimination

and of identifying markers linked to MSC function. Therefore, it can be used non-
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destructively and as a label-free method for sorting these cell sub-types in heterogeneous

primary MSC populations. This thesis also highlights that RS is an e↵ective tool for

cell characterisation and that it can complement standard methods for understanding the

biomolecular diversity of cell populations.
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Appendix A

General equations and formulas

A.1 Trigonometric identity for the product of two cosine

functions

cos↵ cos� =
cos(↵+ �) + cos(↵� �)

2
(A.1.1)

A.2 Exponential function used for the fitting of the %SE

convergence tests

y = y0 +Aexp

✓
x� x0

⌧

◆
, (A.2.2)

where y0 is the converged %SE value, A is the amplitude, x0 is a constant representing

the initial amount of averaged spectra and ⌧ is the decay constant. This is a predefined

exponential function from IGOR Pro version 6.32.
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Appendix B

Convergence tests

B.1 Air-dried MSCs, HDF, CD317+ and K72 – %SE con-

vergence tests
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B.1 Air-dried MSCs, HDF, CD317+ and K72 – %SE convergence tests
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Figure B.1: %SE convergence tests of the Y101 MSC line for the air-dried analyses –

experiment 1. Convergence for PIRs (a) 970/1085 and (b) 1656/1085.
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B.1 Air-dried MSCs, HDF, CD317+ and K72 – %SE convergence tests
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Figure B.2: %SE convergence tests of the Y101 MSC line for the air-dried analyses –

experiment 2. Convergence for PIRs (a) 970/1085 and (b) 1656/1085.
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B.1 Air-dried MSCs, HDF, CD317+ and K72 – %SE convergence tests

35

30

25

20

15

10

Pe
rc

en
t S

ta
nd

ar
d 

Er
ro

r

70605040302010
Number of Averaged Spectra

Function: exp_XOffset
Coefficient values ± one std dev

y0 =8 ± 0.5
A  =29 ± 1
tau =7 ± 0.8

Constant:
X0 =5

Y101 p66
Peak intensity ratio 970/1085
5 spectra per cell

(a)

25

20

15

10

Pe
rc

en
t S

ta
nd

ar
d 

Er
ro

r

70605040302010
Number of Averaged Spectra

Function: exp_XOffset
Coefficient values ± one std dev

y0 =8 ± 0.3
A  =21 ± 1
tau =7 ± 0.7

Constant:
X0 =5

Y101p66
Peak intensity ratio 1656/1085
5 spectra per cell

(b)

Figure B.3: %SE convergence tests of the Y101 MSC line for the air-dried analyses –

experiment 3. Convergence for PIRs (a) 970/1085 and (b) 1656/1085.
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B.1 Air-dried MSCs, HDF, CD317+ and K72 – %SE convergence tests
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Figure B.4: %SE convergence tests of the Y101 MSC line for the air-dried analyses –

experiment 4. Convergence for PIRs (a) 970/1085 and (b) 1656/1085.
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B.1 Air-dried MSCs, HDF, CD317+ and K72 – %SE convergence tests
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Figure B.5: %SE convergence tests of the Y101 MSC line for the air-dried analyses –

experiment 5. Convergence for PIRs (a) 970/1085 and (b) 1656/1085.
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Figure B.6: %SE convergence tests of the Y101 MSC line for the air-dried analyses –

experiment 6. Convergence for PIRs (a) 970/1085 and (b) 1656/1085.
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Figure B.7: %SE convergence tests of the Y102 MSC line for the air-dried analyses –

experiment 1. Convergence for PIRs (a) 970/1085 and (b) 1656/1085.
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Figure B.8: %SE convergence tests of the Y102 MSC line for the air-dried analyses –

experiment 2. Convergence for PIRs (a) 970/1085 and (b) 1656/1085.
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Figure B.9: %SE convergence tests of the Y201 MSC line for the air-dried analyses –

experiment 1. Convergence for PIRs (a) 970/1085 and (b) 1656/1085.
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Figure B.10: %SE convergence tests of the Y201 MSC line for the air-dried analyses –

experiment 2. Convergence for PIRs (a) 970/1085 and (b) 1656/1085.
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Figure B.11: %SE convergence tests of the Y202 MSC line for the air-dried analyses –

experiment 1. Convergence for PIRs (a) 970/1085 and (b) 1656/1085.

257



B.1 Air-dried MSCs, HDF, CD317+ and K72 – %SE convergence tests

50

40

30

20

10

Pe
rc

en
t S

ta
nd

ar
d 

Er
ro

r

80604020
Number of Averaged Spectra

Function: exp_XOffset
Coefficient values ± one std dev

y0 =11 ± 1
A  =45 ± 3
tau =11 ± 1

Constant:
X0 =5

Y202 p80
Peak intensity ratio 970/1085
5 spectra per cell

(a)

70

60

50

40

30

20

Pe
rc

en
t S

ta
nd

ar
d 

Er
ro

r

80604020
Number of Averaged Spectra

Function: exp_XOffset
Coefficient values ± one std dev

y0 =13 ± 0.8
A  =63 ± 3
tau =6 ± 0.6

Constant:
X0 =5

Y202 p80
Peak intensity ratio 1656/1085
5 spectra per cell

(b)

Figure B.12: %SE convergence tests of the Y202 MSC line for the air-dried analyses –

experiment 2. Convergence for PIRs (a) 970/1085 and (b) 1656/1085.
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Figure B.13: %SE convergence tests of the HDF for air-dried analysis. Convergence for

PIRs (a) 970/1085 and (b) 1656/1085.
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Figure B.14: %SE convergence tests of the CD317+ sorted fraction for air-dried analysis.

Convergence for PIRs (a) 970/1085 and (b) 1656/1085.
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Figure B.15: %SE convergence tests of the K72 primary for air-dried analysis. Conver-

gence for PIRs (a) 970/1085 and (b) 1656/1085.
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Figure B.16: SE stacks of MSC line Y101 for air-dried analyses. (a) Experiment 1 and

(b) experiment 2.

262
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Figure B.17: SE stacks of MSC line Y101 for air-dried analyses. (a) Experiment 3 and

(b) experiment 4.
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Figure B.18: SE stacks of MSC line Y101 for air-dried analyses. (a) Experiment 5 and

(b) experiment 6.
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Figure B.19: SE stacks of MSC line Y102 for air-dried analyses. (a) Experiment 1 and

(b) experiment 2.
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Figure B.20: SE stacks of MSC line Y201 for air-dried analyses. (a) Experiment 1 and

(b) experiment 2.
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Figure B.21: SE stacks of MSC line Y202 for air-dried analyses. (a) Experiment 1 and

(b) experiment 2.
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Figure B.22: SE stacks of of (a) HDF and (b) CD317+ for air-dried analyses.
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Figure B.23: SE stacks of of K72 primary for air-dried analyses.
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Figure B.24: 2x SD stacks of MSC line Y101 for air-dried analyses. (a) Experiment 1

and (b) experiment 2.
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Figure B.25: 2x SD stacks of MSC line Y101 for air-dried analyses. (a) Experiment 3

and (b) experiment 4.
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Figure B.26: 2x SD stacks of MSC line Y101 for air-dried analyses. (a) Experiment 5

and (b) experiment 6.
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Figure B.27: 2x SD stacks of MSC line Y102 for air-dried analyses. (a) Experiment 1

and (b) experiment 2.
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Figure B.28: 2x SD stacks of MSC line Y201 for air-dried analyses. (a) Experiment 1

and (b) experiment 2.
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Figure B.29: 2x SD stacks of MSC line Y202 for air-dried analyses. (a) Experiment 1

and (b) experiment 2.
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Figure B.30: 2x SD stacks of (a) HDF and (b) CD317+ sorted fraction for air-dried

analysis.

276
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Figure B.31: 2x SD stacks of K72 primary for air-dried analyses.
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Figure B.32: %SE convergence tests for live cell analyses of MSC line Y101 experiment

1. Convergence for PIRs (a) 1654/1088 and (b) 974/1088.
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Figure B.33: %SE convergence tests for live cell analyses of MSC line Y101 experiment

2. Convergence for PIRs (a) 1654/1088 and (b) 974/1088.
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Figure B.34: %SE convergence tests for live cell analyses of MSC line Y101 experiment

3. Convergence for PIRs (a) 1654/1088 and (b) 974/1088.
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Figure B.35: %SE convergence tests for live cell analyses of MSC lines Y102 experiment

1. Convergence for PIRs (a) 1654/1088 and (b) 974/1088.
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Figure B.36: %SE convergence tests for live cell analyses of MSC line Y102 experiment

2. Convergence for PIRs (a) 1654/1088 and (b) 974/1088.
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Figure B.37: %SE convergence tests for live cell analyses of MSC line Y102 experiment

3. Convergence for PIRs (a) 1654/1088 and (b) 974/1088.
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Figure B.38: %SE convergence tests for live cell analyses of MSC line Y201experiment

1. Convergence for PIRs (a) 1654/1088 and (b) 974/1088.
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Figure B.39: %SE convergence tests for live cell analyses of MSC line Y201 experiment

2. Convergence for PIRs (a) 1654/1088 and (b) 974/1088.
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Figure B.40: %SE convergence tests for live cell analyses of MSC line Y201 experiment

3. Convergence for PIRs (a) 1654/1088 and (b) 974/1088.
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Figure B.41: %SE convergence tests for live cell analyses of MSC line Y202 experiment

1. Convergence for PIRs (a) 1654/1088 and (b) 974/1088.
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Figure B.42: %SE convergence tests for live cell analyses of MSC line Y202 experiment

2. Convergence for PIRs (a) 1654/1088 and (b) 974/1088.
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Figure B.43: %SE convergence tests for live cell analyses of MSC line Y202 experiment

3. Convergence for PIRs (a) 1654/1088 and (b) 974/1088. Convergence for PIRs (a)

1654/1088 and (b) 974/1088.
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Figure B.44: SE stacks for live cell analyses of MSC line Y101 experiment 1. (a)

Fingerprint and (b) high wavenumber regions.
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Figure B.45: SE stacks for live cell analyses of MSC line Y101 experiment 2. (a)

Fingerprint and (b) high wavenumber regions.
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Figure B.46: SE stacks for live cell analyses of MSC line Y101 experiment 3. (a)

Fingerprint and (b) high wavenumber regions.
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Figure B.47: SE stacks for live cell analyses of MSC line Y102 experiment 1. (a)

Fingerprint and (b) high wavenumber regions.
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Figure B.48: SE stacks for live cell analyses of MSC line Y102 experiment 2. (a)

Fingerprint and (b) high wavenumber regions.
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Figure B.49: SE stacks for live cell analyses of MSC line Y102 experiment 3. (a)

Fingerprint and (b) high wavenumber regions.
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Figure B.50: SE stacks for live cell analyses of MSC line Y201 experiment 1. (a)

Fingerprint and (b) high wavenumber regions.
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Figure B.51: SE stacks for live cell analyses of MSC line Y201 experiment 2. (a)

Fingerprint and (b) high wavenumber regions.
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Figure B.52: SE stacks for live cell analyses of MSC line Y201 experiment 3. (a)

Fingerprint and (b) high wavenumber regions.
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Figure B.53: SE stacks for live cell analyses of MSC line Y202 experiment 1. (a)

Fingerprint and (b) high wavenumber regions.

299



B.5 Live MSCs – SE convergence tests

50

40

30

20

10

0

Ar
bi

tr
ar

y 
in

te
ns

ity
 (

co
un

ts
/s

)

18001600140012001000800600

Raman shift (cm-1
)

Y202p66 - Exp2
SE from

 2 spectra
 4 spectra
 6 spectra
 8 spectra
 10 spectra
 12 spectra
 14 spectra
 16 spectra

(a)

200

150

100

50

0

Ar
bi

tr
ar

y 
in

te
ns

ity
 (

co
un

ts
/s

)

320031003000290028002700

Raman shift (cm-1
)

Y202p66 - Exp2
SE from

 2 spectra
 4 spectra
 6 spectra
 8 spectra
 10 spectra
 12 spectra
 14 spectra
 16 spectra

(b)

Figure B.54: SE stacks for live cell analyses of MSC line Y202 experiment 2. (a)

Fingerprint and (b) high wavenumber regions.
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Figure B.55: SE stacks for live cell analyses of MSC line Y202 experiment 3. (a)

Fingerprint and (b) high wavenumber regions.
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Figure B.56: 2x SD stacks for live cell analyses of MSC line Y101 experiment 1. (a)

Fingerprint and (b) high wavenumber regions.
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B.6 Live MSCs – 2x SD convergence tests
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Figure B.57: 2x SD stacks for live cell analyses of MSC line Y101 experiment 2. (a)

Fingerprint and (b) high wavenumber regions.
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B.6 Live MSCs – 2x SD convergence tests
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Figure B.58: 2x SD stacks for live cell analyses of MSC line Y101 experiment 3. (a)

Fingerprint and (b) high wavenumber regions.
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B.6 Live MSCs – 2x SD convergence tests
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Figure B.59: 2x SD stacks for live cell analyses of MSC line Y102 experiment 1. (a)

Fingerprint and (b) high wavenumber regions.
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B.6 Live MSCs – 2x SD convergence tests
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Figure B.60: 2x SD stacks for live cell analyses of MSC line Y102 experiment 2. (a)

Fingerprint and (b) high wavenumber regions.
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B.6 Live MSCs – 2x SD convergence tests
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Figure B.61: 2x SD stacks for live cell analyses of MSC line Y102 experiment 3. (a)

Fingerprint and (b) high wavenumber regions.
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B.6 Live MSCs – 2x SD convergence tests
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Figure B.62: 2x SD stacks for live cell analyses of MSC line Y201 experiment 1. (a)

Fingerprint and (b) high wavenumber regions.
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B.6 Live MSCs – 2x SD convergence tests
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Figure B.63: 2x SD stacks for live cell analyses of MSC line Y201 experiment 2. (a)

Fingerprint and (b) high wavenumber regions.
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B.6 Live MSCs – 2x SD convergence tests
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Figure B.64: 2x SD stacks for live cell analyses of MSC line Y201 experiment 3. (a)

Fingerprint and (b) high wavenumber regions.
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B.6 Live MSCs – 2x SD convergence tests
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Figure B.65: 2x SD stacks for live cell analyses of MSC line Y202 experiment 1. (a)

Fingerprint and (b) high wavenumber regions.
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B.6 Live MSCs – 2x SD convergence tests
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Figure B.66: 2x SD stacks for live cell analyses of MSC line Y202 experiment 2. (a)

Fingerprint and (b) high wavenumber regions.
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B.6 Live MSCs – 2x SD convergence tests
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Figure B.67: 2x SD stacks for live cell analyses of MSC line Y202 experiment 3. (a)

Fingerprint and (b) high wavenumber regions.
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B.7 Y201 MSC line in basal medium – %SE convergence tests

B.7 Y201 MSC line in basal medium – %SE convergence

tests

70

60

50

40

30

20

10

Pe
rc

en
t S

ta
nd

ar
d 

Er
ro

r

161412108642
Number of Averaged Spectra

Function: exp_XOffset
Coefficient values ± one std dev

y0 =10 ± 2
A  =67 ± 5
tau =2 ± 0.3

Constant:
X0 =2

Y201 basal day 0
1654/1088

(a)

80

70

60

50

40

30

20

10

Pe
rc

en
t S

ta
nd

ar
d 

Er
ro

r

161412108642
Number of Averaged Spectra

Function: exp_XOffset
Coefficient values ± one std dev

y0 =12 ± 2
A  =70 ± 6
tau =2 ± 0.4

Constant:
X0 =2

Y201 basal day 0
1654/1448

(b)

Figure B.68: %SE convergence tests for MSC line Y201 in basal medium at day 0 for

PIRs (a) 1654/1088 and (b) 1654/1448.
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B.7 Y201 MSC line in basal medium – %SE convergence tests
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Figure B.69: %SE convergence tests for MSC line Y201 in basal medium at day 7 for

PIRs (a) 1654/1088 and (b) 1654/1448.
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B.7 Y201 MSC line in basal medium – %SE convergence tests
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Figure B.70: %SE convergence tests for MSC line Y201 in basal medium at day 14 for

PIRs (a) 1654/1088 and (b) 1654/1448.
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B.7 Y201 MSC line in basal medium – %SE convergence tests
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Figure B.71: %SE convergence tests for MSC line Y201 in basal medium at day 21 for

PIRs (a) 1654/1088 and (b) 1654/1448.
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B.8 Y201 MSC line in basal medium – SE convergence tests

B.8 Y201 MSC line in basal medium – SE convergence tests

40

30

20

10

0

Ar
bi

tr
ar

y 
in

te
ns

ity
 (

co
un

ts
/s

)

18001600140012001000800600

Raman shift (cm-1
)

Y201 basal - Day 0
SE from

 2 spectra
 4 spectra
 6 spectra
 8 spectra
 10 spectra
 12 spectra
 14 spectra
 16 spectra

(a)

140

120

100

80

60

40

20

0

Ar
bi

tr
ar

y 
in

te
ns

ity
 (

co
un

ts
/s

)

320031003000290028002700

Raman shift (cm-1
)

Y201 basal - Day 0
SE from

 2 spectra
 4 spectra
 6 spectra
 8 spectra
 10 spectra
 12 spectra
 14 spectra
 16 spectra

(b)

Figure B.72: SE stacks for Y201 in basal medium at day 0. (a) fingerprint and (b) high

wavenumber regions.
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B.8 Y201 MSC line in basal medium – SE convergence tests
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Figure B.73: SE stacks for Y201 in basal medium at day 7. (a) fingerprint and (b) high

wavenumber regions.
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B.8 Y201 MSC line in basal medium – SE convergence tests
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Figure B.74: SE stacks for Y201 in basal medium at day 14. (a) fingerprint and (b)

high wavenumber regions.
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B.8 Y201 MSC line in basal medium – SE convergence tests
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Figure B.75: SE stacks for Y201 in basal medium at day 21. (a) fingerprint and (b)

high wavenumber regions.
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B.9 Y201 MSC line in basal medium – 2x SD convergence tests

B.9 Y201 MSC line in basal medium – 2x SD convergence

tests
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Figure B.76: 2x SD stacks for Y201 in basal medium at day 0. (a) fingerprint and (b)

high wavenumber regions.
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B.9 Y201 MSC line in basal medium – 2x SD convergence tests
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Figure B.77: 2x SD stacks for Y201 in basal medium at day 7. (a) fingerprint and (b)

high wavenumber regions.
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B.9 Y201 MSC line in basal medium – 2x SD convergence tests
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Figure B.78: 2x SD stacks for Y201 in basal medium at day 14. (a) fingerprint and (b)

high wavenumber regions.
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B.9 Y201 MSC line in basal medium – 2x SD convergence tests
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Figure B.79: 2x SD stacks for Y201 in basal medium at day 21. (a) fingerprint and (b)

high wavenumber regions.
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B.10 Osteo-induced Y201 MSC line – %SE convergence tests

B.10 Osteo-induced Y201 MSC line – %SE convergence tests
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Figure B.80: %SE convergence tests for osteo-induced Y201 at days (a) 0 and (b) 7 for

PIR 1654/1088.
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B.10 Osteo-induced Y201 MSC line – %SE convergence tests
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Figure B.81: %SE convergence tests for osteo-induced Y201 at days (a) 14 and (b) 21

for PIR 1654/1088.
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B.11 Osteo-induced Y201 MSC line – SE convergence tests

B.11 Osteo-induced Y201 MSC line – SE convergence tests
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Figure B.82: SE stacks for osteo-induced Y201 at day 0. (a) fingerprint and (b) high

wavenumber regions.
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B.11 Osteo-induced Y201 MSC line – SE convergence tests
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Figure B.83: SE stacks for osteo-induced Y201 at day 7. (a) fingerprint and (b) high

wavenumber regions.

329



B.11 Osteo-induced Y201 MSC line – SE convergence tests
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Figure B.84: SE stacks for osteo-induced Y201 at day 14. (a) fingerprint and (b) high

wavenumber regions.
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B.11 Osteo-induced Y201 MSC line – SE convergence tests
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Figure B.85: SE stacks for osteo-induced Y201 at day 21. (a) fingerprint and (b) high

wavenumber regions.
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B.12 Osteo-induced Y201 MSC line – 2x SD convergence tests

B.12 Osteo-induced Y201 MSC line – 2x SD convergence

tests
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Figure B.86: 2x SD stacks for osteo-induced Y201 at day 0. (a) fingerprint and (b) high

wavenumber regions.
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B.12 Osteo-induced Y201 MSC line – 2x SD convergence tests
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Figure B.87: 2x SD stacks for osteo-induced Y201 at day 7. (a) fingerprint and (b) high

wavenumber regions.
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B.12 Osteo-induced Y201 MSC line – 2x SD convergence tests
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Figure B.88: 2x SD stacks for osteo-induced Y201 at day 14. (a) fingerprint and (b)

high wavenumber regions.
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B.12 Osteo-induced Y201 MSC line – 2x SD convergence tests
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Figure B.89: 2x SD stacks for osteo-induced Y201 at day 21. (a) fingerprint and (b)

high wavenumber regions.
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B.13 Adipo-induced Y201 MSC line – %SE convergence tests

B.13 Adipo-induced Y201 MSC line – %SE convergence

tests
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Figure B.90: %SE convergence tests for adipo-induced Y201 at days (a) 0 and (b) 7 for

PIR 165/1448.
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B.13 Adipo-induced Y201 MSC line – %SE convergence tests
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Figure B.91: %SE convergence tests for adipo-induced Y201 at days (a) 14 and (b) 21

for PIR 165/1448.
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B.14 Adipo-induced Y201 MSC line – SE convergence tests

B.14 Adipo-induced Y201 MSC line – SE convergence tests
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Figure B.92: SE stacks for adipo-induced Y201 at day 0. (a) Fingerprint and (b) high

wavenumber regions.
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B.14 Adipo-induced Y201 MSC line – SE convergence tests
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Figure B.93: SE stacks for adipo-induced Y201 at day 7. (a) Fingerprint and (b) high

wavenumber regions.
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B.14 Adipo-induced Y201 MSC line – SE convergence tests
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Figure B.94: SE stacks for adipo-induced Y201 at day 14. (a) Fingerprint and (b) high

wavenumber regions.
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B.14 Adipo-induced Y201 MSC line – SE convergence tests
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Figure B.95: SE stacks for adipo-induced Y201 at day 21. (a) Fingerprint and (b) high

wavenumber regions.
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B.15 Adipo-induced Y201 MSC line – 2x SD convergence tests

B.15 Adipo-induced Y201 MSC line – 2x SD convergence

tests

120

100

80

60

40

20Ar
bi

tr
ar

y 
in

te
ns

ity
 (

co
un

ts
/s

)

18001600140012001000800600

Raman shift (cm-1
)

Y201 adipo - Day 0
2xSD from:

 2 spectra
 4 spectra
 6 spectra
 8 spectra
 10 spectra
 12 spectra
 14 spectra
 16 spectra

(a)

400

300

200

100

0

Ar
bi

tr
ar

y 
in

te
ns

ity
 (

co
un

ts
/s

)

320031003000290028002700

Raman shift (cm-1
)

Y201 adipo - Day 0
2xSD from:

 2 spectra
 4 spectra
 6 spectra
 8 spectra
 10 spectra
 12 spectra
 14 spectra
 16 spectra

(b)

Figure B.96: 2x SD stacks for adipo-induced Y201 at day 0. (a) Fingerprint and (b)

high wavenumber regions.
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B.15 Adipo-induced Y201 MSC line – 2x SD convergence tests
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Figure B.97: 2x SD stacks for adipo-induced Y201 at day 7. (a) Fingerprint and (b)

high wavenumber regions.
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B.15 Adipo-induced Y201 MSC line – 2x SD convergence tests
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Figure B.98: 2x SD stacks for adipo-induced Y201 at day 14. (a) Fingerprint and (b)

high wavenumber regions.
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B.15 Adipo-induced Y201 MSC line – 2x SD convergence tests
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Figure B.99: 2x SD stacks for adipo-induced Y201 at day 21. (a) Fingerprint and (b)

high wavenumber regions.
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Appendix C

High-wavenumber PIRs of the live

MSC lines
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Figure C.1: PIR comparison for the live MSCs against the (a) 2850 cm�1 and (b) 2930

cm�1 peaks.
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Figure C.2: PIR comparison for the live MSCs against the (a) 3007 cm�1 and (b) 3062

cm�1 peaks.
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Figure C.3: PIR comparison for the live MSCs against the (a) 2873 cm�1 and (b) 2895

cm�1 peaks. The arrows show PIRs that discriminated 01s from 02s.
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Figure C.4: PIR comparison for the live MSCs against the (a) 2940 cm�1 and (b) 2971

cm�1 peaks. The arrows show PIRs that discriminated 01s from 02s.
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Appendix D

Raman spectra of pure lipids
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(a)

(b)

Figure D.1: Raman spectra of (a) cholesterol and (b) eicopentaeonic acid (EPA). Note

the di↵erent range on the left and right Y-axes. The insert window shows the chemical

structure of each lipid, as per [200].
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(a)

(b)

Figure D.2: Raman spectra of (a) linoleic acid and (b) palmitic acid. Note the di↵erent

range on the left and right Y-axes. The insert window shows the chemical structure of

each lipid, as per [200].
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(a)

(b)

Figure D.3: Raman spectra of (a) phosphatidic acid and (b) phosphatidylcholine. Note

the di↵erent range on the left and right Y-axes. The insert window shows the chemical

structure of each lipid, as per [200].
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(a)

(b)

Figure D.4: Raman spectra of (a) phosphatidylethanolamine and (b) phosphatidylserine.

Note the di↵erent range on the left and right Y-axes. The insert window shows the chemical

structure of each lipid, as per [200].
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(a)

(b)

Figure D.5: Raman spectra of (a) stearidonic acid and (b) �-linolenic acid. Note the dif-

ferent range on the left and right Y-axes. The insert window shows the chemical structure

of each lipid, as per [200].
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Appendix E

Nuclear area, nuclear perimeter

and cell ploidy
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Figure E.1: Representative fluorescent images and Image J thresholded counterparts

of DAPI counter-stained MSC lines. The figure shows a representative image of DAPI

counter-stained nuclei of each MSC line alongside its Image J thresholded counterpart.

The Image J figure selects each object that it considers to be nuclei and gives it a num-

ber. Images were screened for nucleus validity: partial-objects or objects which had been

incorrectly discriminated as nuclei were excluded from area and perimeter analyses. This

experiment was performed by Dr. James Fox.
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(a)

(b)

Figure E.2: Comparisons of the area (a) and perimeter (b) of the nuclei of MSC lines.

Nucleus-area and -perimeter of the four MSC lines were calculated using Image J process-

ing of fluorescent images of cells counter-stained with DAPI. Average data ± standard

deviation from at least 95 cells per image in triplicate is displayed. This experiment was

performed by Dr. James Fox.
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Figure E.3: All four MSC cell lines have a diploid cell cycle. They were stained with

Hoechst and analysed on a CyAn flow cytometer; a gating strategy eliminated debris (a)

and doublets (b) from the representative single-parameter histograms showing the linear

level of fluorescence against the number of events from a population of <10,000 cells for

Y101 (c), Y102 (d), Y201 (e) and Y202 (f). The major peak represents cells in G0/G1, the

minor peak shows cells in G2M with those in S phase being in-between. This experiment

was performed by Dr. James Fox.
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Abbreviations

ADSC Adipose-derived Stem Cell

ALP Alkaline Phosphatase

BAT Brown Adipose Tissue

CARS Coherent Anti-Stokes Raman Scattering

CCD Charge-coupled Device

CFU-F Colony-Forming Unit-Fibroblast

CM Chloroform-methanol

DMEM Dulbecco’s Moddified Eagle’s Medium

ESC Embryonic Stem Cell

ESR Electron Spin Resonance

FBS Fetal Bovine Serum

FWHM Full Width at Half Maximum

GVHD Graft-Versus-Host Disease
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GFP Green Fluorescent Protein

HA Hydroxyapatite

HBSS Hank’s Balanced Salt Solution

HSC Haemotopoietic Stem Cell

IR Infrared

LDA Linear Discriminant Analysis

LNGFR Low-A�nity Nerve Growth Factor Receptor

MCAM Melanoma Cell Adhesion Molecule

MAPK Mitogen-activated protein kinase

MSC Mesenchymal Stromal Cell

NA Numerical Aperture

Nd:YAG Neodymiun:Yttrium Aluminium Garnet

NK cell Natural KIller cell

NMR Nuclear Magnetic Resonance

PBS Phosphate Bu↵ered Saline solution

PCA Principal Component Analysis

PIR Peak Intensity Ratio

PPAR Peroxisome Proliferator-Activated Receptor

RS Raman Spectroscopy
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SE Standard Error of the mean

SEM Scanning Electron Microscopy

SERS Surface Enhanced Raman Spectroscopy

SERRS Surface Enhanced-Resonance Raman Spectroscopy

SRS Stimulated Raman Scattering

TEM Transmission Electron Microscopy

TAG Triacylglycerol

UV Ultraviolet

WAT White Adipose Tissue
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