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ABSTRACT 

 
Micro-Raman Imaging for Biology with 

Multivariate Spectral Analysis 

 

                           Federica Malvaso 

 
Raman spectroscopy is a non-invasive technique that can 

provide complex information on the vibrational state of the 

molecules. It defines the unique fingerprint that allow the 

identification of the various chemical components within a 

given sample. The aim of the following thesis work is to 

analyze Raman maps related to three pairs of cells different 

from each other, providing a spectral resolution that can 

show the biological content of the cells themselves, 

highlighting differences and similarities through 

multivariate algorithms. The first pair of analyzed cells are 

human embryonic stem cells (hESCs), while the other two 

pairs are induced pluripotent stem cells (iPSCs) derived 

from T lymphocytes and keratinocytes, respectively. 

Although two different multivariate techniques were 

employed, i.e. Principal Component Analysis and Cluster 

Analysis, the same results were achieved: the iPSCs derived 

from T-lymphocytes show a higher content of genetic 

material both compared with the iPSCs derived from 

keratinocytes and the hESCs. On the other side, equally 
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evident, was that iPS cells derived from keratinocytes 

assume a molecular distribution very similar to hESCs. 
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CHAPTER 1  

 

Introduction 

 
Raman spectroscopy, in recent decades, has been a growing 

interest in biological applications8, especially because of  its 

high sensitivity and low noise due to the presence of water. 

It is known for being a non-invasive and “label-free” 

technique, and it is also appreciated for the high spatial 

resolution that provides when combined with microscopy 

(micro-spectroscopy). The Raman spectrum of a cell provides 

a global biochemistry fingerprint, highlighting spectral 

regions sensitive to the presence of lipids, amino acids, 

proteins, saccharides, nucleotides and other primary 

metabolites. To obtain an high quality analysis, reagents are 

not required and it is sufficient a really small amount of 

material to carry out repeated measurements. The result of 

vibrational spectroscopy is a spectrum: a graph having on 

the horizontal axis the frequency of vibration of the internal 

bonds of the molecules and on the vertical axis the intensity 

with which the sample diffuses the incident light. 

To determine the relative concentrations of the components 

to generate Raman maps of the spatial distributions, 

multivariate methods such as the Principal Component 

Analysis or the K-means cluster analysis are often used. 

The PCA is the basic technique in multivariate analysis and 
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is performed on the Raman spectra (previously subjected to 

pre-processing including removal of cosmic rays, 

background subtraction, polynomial subtraction, 

normalization) to reduce the number of parameters needed 

to express the maximum variance in the spectral data set. 

Only the first principal components describe spectral 

variations related to the chemical composition of the 

sample, while the remaining ones take more and more 

account of the noise contribution. 

Principal components, obtained on all the acquired spectra, 

can then be treated thanks to other algorithms such as the 

K-means. This clustering algorithm is used to find groups of 

spectra with similar characteristics. It is often chosen 

because is able to manage large amounts of data. 

The aim of this thesis work is to highlight, using the Raman 

spectroscopy and the multivariate analysis, differences and 

similarities between human embryonic stem cells (hESCs) 

and two different lines of human induced pluripotent stem 

cells (hiPSC), derived from peripheral blood T cells and from 

keratinocytes, respectively. The choice of focusing this 

thesis on the study and analysis of different types of stem 

cells was done since stem cells, nowadays, are at the core of 

the scientific studies of many researchers around the world. 

The research on these types of cells may in fact be 

considered both an evolution and a revolution of modern 

medicine, because they represent a fundamental step in the 

discovery and development of new strategies for regenerative 

medicine. The human embryonic stem cells (hESCs) are 
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pluripotent human stem cells isolated from the Inner Cell 

Mass (ICM) of the blastocyst during the embryonic 

development. Human pluripotent stem cells can 

differentiate into the three germ layers, by considering that 

they are derived from blastocysts, their isolation involves 

great ethical problems, since the embryo should be 

sacrificed. That's why from 2007, thanks to Takahashi and 

Yamanaka, iPSC (induced pluripotent stem cells) were 

derived. These cells were extracted from adult tissues and 

brought back to the condition of stemness. In the various 

chapters of this thesis, the physical principles governing the 

Raman spectroscopy, from a brief but comprehensive 

overview on the quantization of energy, on the normal 

modes of vibrations, on what is meant by "Raman effect", 

will be discussed. 

The techniques of multivariate analysis (PCA and cluster 

analysis) applied to estimate the concentrations of the 

molecules by measuring the intensity of the Raman spectra 

collected, will be also properly described. 

Finally, after providing a biological background in order to 

help people to understand what stem cells are and why it is 

so important to produce iPSC increasingly similar to hESCs, 

the experimental measurements made (not neglecting the 

pre-treatment data) will be defined and interesting biological 

information obtained considering the PC1, PC2 and PC3 will 

be provided. In particular, especially with the K-means 

cluster analysis, it was possible to say that the iPSC derived 
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from keratinocytes show a greater compatibility with hESCs 

than iPSC derived from T lymphocytes. 

These advances, in the future, could allow the production of 

patient-specific stem cell lines useful for the in vitro study of 

various diseases as well as for transplantation and repair of 

tissue damage. 
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CHAPTER 2  

Micro-Raman Spectroscopy 

 

2.1 What Spectroscopy Is 

Spectroscopy is an analytical technique that allows to 

determine the molecular structure using electromagnetic 

wave-matter interaction. It analyzes the intensity of light as 

a function of wavelength. Among the major advantages of 

spectroscopy one need to remember that: 

- It is a non destructive technique; 

- It is faster than biochemical methods; 

- It allows measurements in real time; 

- A very small part of the sample is sufficient to do 

measurements.  

 

The light coming from the source to be studied, cross a 

dispersive element (a prism or a diffraction grating) that 

allow to split it in all of its wavelengths. The optical image is 

recorded by a digital support, converted and calibrated so 

that one can obtain a graph of the intensity of light as a 

function of the wavelength: the spectrum. 

Spectra give us precise and important information about the 

chemical composition of the element that emits the 

radiation and this is why they can be considered as a 

fingerprint. The light radiations, which form the spectra, are 
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electromagnetic radiations and are generated at the atomic 

level. The particles that form these electromagnetic fields 

are photons10. 

When a beam of photons hits the atom, the electron (which 

is in a fixed orbital that corresponds to a specific energy 

level) can absorb it or emit another photon. If the photon 

has the same energy required by the electron to jump to the 

next energy level, it is absorbed and the electron leads to a 

higher level. The position, however, is not stable because 

the electron tends to return to the energy level closest to the 

nucleus. 

When this jump happens, the electron emits a photon in a 

random direction, which intensity is equal to the energy 

difference of the two orbits. 

 

2.1.1 Quantization of Energy 

Within a molecule, atoms are subjected to forces that tend 

to keep them in the equilibrium position. However (for the 

theorem of stationarity of total potential energy), they do not 

remain in this position, but tend to oscillate around it. The 

motion of the atoms generates the quantized vibrational 

energy to which the particles in the molecules are subjected. 

From the classical mechanical point of view11, the motion of 

the atoms can be assumed as an harmonic motion, like the 

motion of a spring governed by Hooke's law. In quantum 

mechanics, however, the vibrational motion of the atoms is	  

associated with a characteristic waveform, linked to the 

Schrödinger equation. The wave functions and the 
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corresponding energies are defined as a function of 

vibrational quantum number n. 

The vibrational energy1 can be expressed as a function of n : 

 

 

           En= (𝒏+ 𝟏
𝟐
)𝐡𝛎    and  𝒗 = 𝟏

𝟐𝝅
𝒌/𝝁 

 

 

where  𝛎  is the vibration frequency, h is the Planck 

constant, k is the elastic constant and 𝝁 is a quantity equal 

to 
!!!!
!!!!!

 (reduced mass). One can see that the vibrational 

energy doesn’t change in a continous way but it assumes 

discrete and defined values. This means that the vibrational 

energy can be quantized: it can assume determined levels 

corresponding to different energy states [Fig. 2.1]. 

When a particle acquires a unit of vibrational energy switch 

to next energy level; when the particle loses it, get to a lower 

state. These “energy jumps” are called vibrational 

transitions. During a transition, the particles lose or 

absorb energy in the form of electromagnetic radiation, 

which can be detected by a spectroscope. 
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2.2 Normal Modes of Vibration 

The position of each atom in the space can be defined by 

using three degrees of freedom12,13,14. This means that in 

order to define the spatial position of a polyatomic molecule 

3N coordinates are needed.	   We can distinguish different 

types of degrees of freedom: 

- Translational degrees of freedom: considering the 

molecule as a rigid system, these three degrees of freedom 

define the position of the mass center; 

- Internal degrees of freedom: they are 3N-3 and describe 

the internal motions of the molecule, without altering the 

position of the mass center. In turn, these degrees of 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Fig.	  2.1.	  	  Quantized energy levels.	  
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freedom are divided into vibrational and rotational. 

Rotational degrees of freedom are 3 and describe the 

rotation of the particles around the three axes; the 

vibrational degrees of freedom describe the vibrations of the 

N atoms and may be equal to 3N-5 in the case of a linear 

molecule such as CO2 or 3N-6 in the case of non-linear 

molecules like H2O. The degrees of freedom that describe 

the modes of vibration of the N atoms are called normal 

modes of vibration. A diatomic molecule has a single 

vibrational mode (3N-6); atoms oscillate along one direction, 

and therefore have only one degree of freedom, x. A 

polyatomic molecule, consisting of N atoms, has more 

vibrational modes (3N-6 or 3N-5). There are two basic kind 

of vibration modes15,16: 

 

- Stretching vibrations: variation of the length, or strain, 

along the axis of bonding with a consequent increase 

or decrease of the interatomic distance 

 

- Bending vibrations: variation of the bond angle. 

 

Let’s consider, for exemple, a polyatomic molecule like H2O. 

A water molecule has three atoms, so a total of 9 degrees of 

freedom can be defined17, 18.  

This molecule will be subjected to a stretching of the bond 

between oxygen and hydrogen. The phenomenon does not 

interfere with translational stretching motions, the mass 

center remains unchanged. 
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When a H-O bond is subjected to a stretching, even the 

symmetric one must be stretched the same length. 

It is said symmetrical stretching when the two stretching 

motions occur in phase (the two bonds are stretched the 

same length and the barycentre is maintained constant). 

It will have asymmetrical stretching if the two motions are 

not in phase, or the elongation of a bond involves the 

compression of the other [Fig. 2.2]. 

 

 

 

 

 

The mode of vibration that modify the bond angle (usually 

equal to 104.9) is defined bending. 

Also for the bending we can distinguish between 

symmetrical bending or rocking, where the bonds are 

moving in phase, and asymmetric bending or scissoring, 

where the bonds are moving in opposite directions, like the 

blades of a scissor. If the movement happens outside the 

O 

H H 

O 

H H 

Fig. 2.2.  Symmetrical stretching (on the left) and asymmetrical 
stretching (on the right). 
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plane, we can distinguish between other two kind of 

bending: wagging (symmetrical bending) and twisting 

(asymmetrical bending) [Fig.2.3]. 

 

 

 

 

 

Each vibration occurs at a characteristic frequency. When 

the electromagnetic radiation that invests a body has a 

frequency that corresponds to those vibrational frequencies 

O 

H H 

O 

H H 

O 

H H 

O 

H H 

Scissoring Rocking 

Twisting Wagging 

Fig. 2.3.	  	  Vibrational modes of bending: scissoring, rocking, twisting, 
wagging.	  	  
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then the molecule absorbs energy by determining the 

stretching or deformation of its bonds. 

 

 

2.3 Raman Scattering 

Raman spectroscopy is a noninvasive technique that is 

based on the interaction between radiation and matter19. In 

particular, the radiation emitted by a laser beam interacts 

with the rotovibrational motions of molecules, resulting in 

the re-emission of light with different wavelengths respect to 

that of the incident light. 

The obtained spectrum thus provides a fingerprint of the 

molecule under examination, allowing the identification. 

The technique is based on the so-called "Raman effect"; 

when a monochromatic radiation hits a substance can 

cause the following effects: 

- Most of the radiation passes through the sample; 

- The largest part of the radiation elastically diffuses in all 

directions with no energy loss, ie at the same frequency of 

the incident radiation (elastic or Rayleigh scattering)22; 

- a smaller part is inelastically diffused yielding (Stokes 

Raman scattering) or acquiring (anti-Stokes Raman 

scattering) energy as a result of the interaction with the 

molecule. 
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2.3.1 Historical Introduction 

The Raman effect was predicted in 1923 by Smekal23, but it  

derives its name from the Indian physicist Chandrasekhara 

Raman, who first orbserved such effect in 1928. At the 

beginning, the experiments were performed using targeted 

sunlight and filters in order to observe the colour changes in 

the scattered light. Afterwards, using a spectrograph and a 

mercury lamp, several spectra of various liquids were 

recordered (the exposure times of the sample to obtain 

satisfactory spectra were very long,about 24 hours)24. 

Assuming the presence of a diffusive component due to the 

oscillations of the atoms or molecules from their normal 

state, Raman and Krishnan6 published in the journal 

Nature, highlighting the new effect of the electromagnetic 

radiation which now forms the basis of a powerful 

spectroscopic tool. 

For many years, the lack of a stable source and a signal 

with strong intensity (the Raman effect is in fact quite weak) 

made this type of spectroscopy disadvantageous compared 

to the faster and less expensive infrared spectroscopy. 

It was only around the sixties, thanks to the development of 

modern commercial visible lasers that the Raman 

spectroscopy experienced a revolution: the rise of a stable , 

coherent, narrow beam source behaved a easier recording of 

the spectra, either using solid, liquid or gaseous samples. 
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2.3.2 The Raman Theory 

The physical theory on which the Raman effect is based, 

takes into account the energy difference between the 

incident  and the diffused photons. 

If a photon with energy ℏ𝜔 hits the molecule, which is at its 

initial energy level, it provides enough energy to excite and 

bring it to a virtual state. Molecules are not stable in these 

virtual states. After the jump, the molecule, losing energy, 

can return to the fundamental level by emitting a photon 

with the same frequency of the incident photon, generating  

the phenomenon of elastic or Rayleigh scattering [Fig. 

2.4]9. If the molecule returns in a state with energy higher 

than the initial one, it will emit a photon with lower energy, 

in particular equal to ℏ(𝜔 −   Δ𝜔 ), generating the Stokes 

Raman scattering . In the case where at the initial state the 

molecule is already into an excited level, after the collision it 

may return to the fundamental energy level emitting a 

photon with energy equal to ℏ(𝜔 +   Δ𝜔), greater than that of 

the incident photon. Then,we will talk about Anti-Stokes 

Raman scattering26. The displacement of the emitted 

frequency versus the exciter frequency is called "Raman 

shift". The intensity ratio between the Stokes scattering and 

the Anti-Stokes scattering is proportional to the Botzmann 

factor: 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  



	   27	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

ISTOKES
IantiSTOKES

∝ e
−
!Δω
kT

 

 

 

In vibrational spectroscopy typically the exponential term 

dominates and the Stokes diffusion is more intense than the 

Anti-Stokes [Fig.2.5], since the lower vibrational states are 

more populous25.	  

 

 

   

 
 
 
 
 
 
 
 

Fig. 2.4. Raman scattering. 
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2.3.3 Raman Spectroscopy: Selection Rules 

The occurrence effect is closely related to the degree of 

polarizability of the molecules. 

When an electric field is applied to a molecule4, electrons 

and nuclei, in accordance with Coulomb's law, move in 

opposite directions. This electric field induces therefore a 

dipole moment in the molecule5. 

 

 

 

 

Fig. 2.5. Stokes/Anti-Stokes Raman Spectra. 
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If the applied electric field is not too strong, the induced 

dipole moment is linearly proportional to the field itself and 

is given by: 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  	  	  

µinduced =α ⋅E 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
0E∂

∂
=

µ
α

 

 
 
where the proportionality constant α is called 

polarizability27,28 and is a feature of the molecule. 

If the applied electric field is oscillating (as in the case of 

that carried	   by an electromagnetic radiation) then the 

induced dipole moment oscillates with the same frequency 

of the field :	  	  

	  

	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  µ =α ⋅E 0 ⋅cos(ωt) 	  
	  

	  

and it generates an electromagnetic radiation with the same 

frequency of the applied field (Rayleigh effect). Since the 

probability of creating an induced dipole is not the same in 

all directions (for example, in a diatomic molecule is easier 

to move the electrons along the internuclear axis) then the 

polarizability α is not a simple scalar value (except in cases 

of great symmetry of the molecule) or a vector and the 
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relationship between the components of the induced dipole 

and the electric field is the following	  :	  

	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  µx,induced =αxx ⋅Ex +αxy ⋅Ey +αxz ⋅Ez 	  
	  	  	  	  	  	  	  	  	  	  	  	  µy,induced =αyx ⋅Ex +αyy ⋅Ey +αyz ⋅Ez 	  
	  	  	  	  	  	  	  	  	  	  	  	  µz,induced =αzx ⋅Ez +αzy ⋅Ey +αzz ⋅Ez 	  
 

or, in matrix form :  

	  

µx,induced

µy,induced

µz,induced

!

"

#
#
#
#

$

%

&
&
&
&

=

αxx αxy αxz

αyx αyy αyz

αzx αzy αzz

!

"

#
#
#
#

$

%

&
&
&
&

⋅

Ex

Ey

Ez

!

"

#
#
#
#

$

%

&
&
&
& 	  

 

where the matrix α is called "polarizability tensor"[7]. The 

matrix α is a symmetric matrix ( yxxy αα = ) and is therefore 

diagonalizable, ie it is always possible to determine a system 

of axes (X, Y, Z) such that the polarizability tensor is a 

diagonal matrix:     

 

	  	  	  	  	  
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

=

Z

Y

X

α

α

α

α

00
00
00
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If some internal motion of the molecule modulates the 

induced oscillating dipole moment, then some additional 

frequencies may appear. Classically, this means that the 

polarizability is formed by a static term α0 (polarizability of 

the molecule at the equilibrium position) and a term 

oscillating sinusoidally with amplitude Δα. 

So the polarizability can be defined as: 

α =α0 +Δα ⋅cos(Δω ⋅ t) . 

By substituing α =α0 +Δα ⋅cos(Δω ⋅ t)  in the expression for the 

induced dipole moment (µinduced =α ⋅E 0 ⋅cos(ωt) ) we can obtain: 

µinduced = α0 +Δα ⋅cos(Δω ⋅ t)
#
$

%
&⋅E 0 ⋅cos(ωt)  

µinduced =α0 ⋅E 0 ⋅cos(ωt)+Δα ⋅E 0 ⋅cos(ωt) ⋅cos(Δω ⋅ t)  

 

 

using the Prosthaphaeresis formulas it can be obtained: 

 

µinduced =α0 ⋅E 0 ⋅cos(ωt)+Δα ⋅E 0 ⋅
cos(ωt −Δω ⋅ t)+ cos(ωt +Δω ⋅ t)

2  

µinduced =α0 ⋅E 0 ⋅cos(ωt)+
Δα ⋅E 0

2
⋅cos[(ω −Δω)t]+ Δα ⋅E 0

2
⋅cos[(ω +Δω)t] 	  

 

In this way, the induced dipole moment is calculated as the 

sum of three components that correspond to the three terms 

constituting the diffusive phenomenon : 
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 - Elastic scattering (Rayleigh) )cos(0 tEeq ωα ⋅⋅  

- Inelastic scattering (Stokes Raman)  ])cos[(
2

0 t
E

ωω
α

Δ−⋅
⋅Δ  

- Inelastic scattering(anti-Stokes Raman)  ])cos[(
2

0 t
E

ωω
α

Δ+⋅
⋅Δ

 

 

  

The expression of the induced oscillating dipole moment in 

this form includes also the condition for observing the 

Raman effect: in order to have a radiation with a frequency 

different from that of the incident light polarizability must 

change during the motion of the molecule(selection rule29) . 

From the proof just given it is clear that the normal modes 

detectable by Raman spectroscopy are the ones that cause a 

variation of the polarizability ( ∆𝛼  different from zero). 

 

 

2.3.4 Raman Scattering vs Infrared Absorption 

Both Raman and infrared spectroscopy offer a distinctive 

spectral fingerprint of a material21. Although the spectral 

qualities of Raman and infrared spectra30 [Fig. 2.6] can be 

understood in a comparable manner, spectra look vaguely 

dissimilar. The entire vibrational image of a material is given 

by the complementary information of both Raman and 

infrared spectra. Using the selection rules, it can be 

anticipated whether a molecular vibration is Raman or 

infrared active29. In infrared spectroscopy, in order to have 
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the absorption of the  characteristic frequencies,  the dipole 

moment of the molecule must change during the molecular 

vibration under examination,while in the Raman 

spectroscopy a change of the polarizability is required, (one 

should specify that the polarizability is a property related to 

the possibility of distortion of the electron cloud). 

 

 

 

 

 

 

Let us examine three different situations in order to better 

understand when a molecule can be considered Raman or 

Infrared active. First of all we need to consider a homo-

diatomic molecule31 [Fig. 2.7a]. The molecule is 

Fig. 2.6. a) IR spectrum, b) Raman spectrum of benzene30. 
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symmetric and it does not have a permanent dipole moment 

in its equilibrium geometry. This zero-dipole moment is not 

altered upon unimportant modifications along the normal 

coordinate. Consequently, the derivative of the dipole 

moment is zero and the vibration is not IR active. The 

situation is completely different for the polarizability: it can 

be estimated to increase monotoneously along the normal 

coordinate and thus to have a non-zero derivative at the 

equilibrium position. So, the vibration is Raman active. 

The situation changes when we consider a linear triatomic 

molecule [Fig.2.7 b-d]. In a first approximation, the 

molecular dipole moment and polarizability can be 

considered as the totality of bond dipole moments and bond 

polarizability. In the case of the symmetric stretch vibration 

[Fig. 2.7b] there will be no infrared absorption activity of this 

vibration, because there will be dipole moment changes as 

single bonds but they are equal and opposite in sign 

keeping a constant dipole moment. Conversely, a change of 

the polarizability along the reaction coordinate will give rise 

to Raman activity. 

When we consider the antisymmetric stretching [Fig. 2.7c] 

and bending vibrations [Fig.2.7 d] the dipole moment will 

change sign, ( 
!"
!"
  )q0  ≠ 0  when the system pass through the 

equilibrium configuration and both vibrations are IR active. 
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2.4 Instrumentation for Raman 

Spectroscopy 

A system for Raman spectroscopy24 can be, in general 

terms, summarized as: 

- some tools for holding the sample to be analyzed; 

- a light source; 

- a monochromator to separate the signal into the 

constituents wavelengths; 

Fig. 2.7. a) Homo-diatomic molecule;b) linear triatomic molecule 

(symmetric stretch vibration); c)linear triatomic molecule 

(antisymmetric stretching); d) linear triatomic molecule (bending 

vibrations). 
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- a detector to reveal the diffused photons and to provide 

an output which is measure of the relative intensities 

of the signals at the different wavelengths; 

- a computer system to diplay the collected spectra. 

 

2.4.1 Sample Treatment 

One of the main advantages of Raman spectroscopy is to 

be not very sensitive to water and glass24. In particular, 

by considering that the Raman scattering of glass is very 

weak(even if one must specify there could be glasses that 

lead to a very low Raman signal), many holders can be 

built for examining systems that otherwise could not be 

analyzed through other techniques. Furthermore one of 

the biggest advantages is that you can get a high spectral 

quality in a wide range of pressures and temperatures32. 

 

 

2.4.2 Lasers 

In most real samples the weak Raman signals are blanked 

by the background fluorescence. The frequency of the 

employed laser, and therefore the energy radiated on 

the sample, decisively influences the Raman spectrum33.  

It is necessary to consider the following aspects:  

• the intensity of Raman emission is proportional to 

the fourth power of the 

frequency of the source. In other words, the 

emission that can be obtained with a 
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UV laser at 244 nm (40984 cm-1)  

is, ideally, hugely more intense 

than that achievable with a NIR laser at 1064 nm 

(9399 cm-1). 

• the energy involved with a higher frequency laser, 

(UV, visible) is able 

to activate undesirable electronic transitions in the 

sample that  

may result in spontaneous fluorescence phenomena 

and produce spectra hard to read; these phenomena 

are less noticeable with a less energetic laser  as the 

NIR. 

• another disadvantage of a high frequency laser is 

the damage that it can 

cause to the samples during irradiation, resulting in 

photolysis and emission of anomalous spectra. 

 

 

2.4.3 The Spectrometer 

With the exception of a slight quantity of reported works35-39 

in which Fourier Transform Infrared spectrometers34 has 

been employed (FT-Raman instruments use an 

interferometer to generate the spectrum. Interferometers 

allow to acquire the entire spectrum simultaneously but the 

most disadvantage of these instruments is the distribution 

of the noise over the entire spectrum), all Raman work is 

performed using a dispersive monochromator. In dispersive 
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Raman instruments, the scattered light is focused onto a 

diffraction grating [Fig. 2.8], which splits the beam into its 

constituent wavelengths. These are then pointed to a silicon 

charge-coupled device or CCD detector. 

Gratings are planned for ideal throughput over a moderately 

narrow wavelength range. The more grooves per mm the 

better is the dispersion. 

Preferably, gratings should be matched exclusively to each 

laser. 

The CCDs normally used for dispersive Raman are highly 

sensitive silicon devices. The detecting surface of the CCD 

consists of a two-dimensional array of light-sensitive 

components, called pixels. Each pixel performances as a 

singular detector, so every dispersed wavelength is detected 

by a distinctive pixel.  

The spectrum is obtained by rotating the grating (in this 

way a continuously changing wavelenght is presented to the 

detector).Scanning the whole spectral range of interest ( 0 to 

4000 cm-1 ) takes a maximum of 20 minutes(depending on 

the used instrument). 
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2.5 Raman Microspectroscopy 

Combining a Raman spectrometer with an optical 

microscope is possible to realize the vibrational microscopy, 

called Raman microscopy20. 

Dispersive Raman microscopy is the ideal tool to analyze 

tiny samples. It is well known that the spatial resolution is 

diffraction-limited; this is why a short excitation laser is 

optimum to study a very small sample. With 532nm 

excitation, for example, a sub-micron spatial resolution can 

be obtained. In order to reach submicron-level spatial 

resolution, a Raman microscope must be optimally aligned. 

The used instrumentation for the development of this thesis 

work is the Witec alpha 300R [Fig.2.9]. It consists of:  

• Laser Source 

There are 2 kind of lasers: a green diode laser 

with a wavelength equal to 532 nm and a helium-

Fig. 2.8. Dispersive Raman spectrometer.	  
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neon red laser with a wavelength equal to 633nm. 

Raman mapping measurements were performed 

using a 532nm laser source and in 

backscattering configuration. 

 

• Notch filter  

There are two types of filters used for Raman           

spectroscopy: the edge and the notch filter. This 

instrument adopts a notch filter to reduce the 

intensity of a small wavelength range containing 

the laser line by eight-plus orders of magnitude 

while transmitting 100% of all other wavelengths. 

 

• Confocal microscope  

It is an optical microscope, which further 

increases the  spatial resolution of the sample 

and eliminates any halo due to scattered light 

from the planes out of focus of the measured 

sample. The spatial resolution can be improved 

by using an objective with a higher numerical 

aperture (NA). We must consider, however, that 

the spatial resolution depends on the uniformity 

of the sample, so when samples with high 

topography have to be analyzed, it might be 

better to use a lower NA. The microscope used 

has four objectives: 10X (NA-0.2), 20X (NA-0.4), 

50X (NA-0.75), 100X (NA-0.9). 

• Spectroscopy system 
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Ultra-high throughput spectrometer WITec UHTS 

300 with up to 70% throughput. It was designed 

specifically for Raman microscopy in order to  

deliver excellent image quality at the highest 

spectral resolution. One can choose between 

single or double grating options. Advanced 

features include: Spectroscopic CCD (deep 

depletion for NIR                                          

excitation; vacuum sealed TE cooling technology 

(down to –100°C), high sensitivity, photon counting 

APD with up to 80% QE, optical resolution 

diffraction limited to 200 nm laterally and 500 nm 

vertically, spectral resolution down to 0.02 

wavenumbers. 

 

Fig. 2.9. Real time analysis with the Raman Witec alpha 300R.	  
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2.6 Biological Applications of Micro-Raman 

Spectroscopy 

During the last years, Raman spectroscopy has emerged as 

a powerful technique to study the chemical activities 

occurring in biology40-43. The main benefit of micro-Raman 

spectroscopy application to the analysis of biological stuffs 

is the insignificant sample preparation needed for the 

exposition of the specimen to the spectrometer. In fact, no 

biochemical or mechanical pretreatment is required. From a  

biomedical point of view, it is particularly significant the 

capacity to obtain Raman spectra from samples in their 

state of natural hydration.  

In order to diagnose esophageal adenocarcinoma at an 

initial stage, Shetty et al.44 used Raman spectroscopy to 

analyze portions of tissue from esophageal biopsies. Their 

goal was to understand and to recognize the biochemical 

changes associated with neoplastic advancement. By using 

this optical diagnostic technique, they were able to note 

substantial changes, not only in an increase of DNA, but 

even in a unusual distribution of proteins, lipids and 

glycogen. The analysis of the spectra, collected on 

designated regions, allowed to detect the abnormal lesion 

before architectural changes occur. 

An additional field of investigation in which the Confocal 

Raman spectroscopy was used, is the analysis of male germ 

cells [Fig. 2.10].  
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Meister et al.45, by using a 532 nm excitation laser, could 

not characterize only the nucleus and the neck (one should 

know that a human sperm cell is usually divided into a 

head, a connecting piece and the flagellum) but, among the 

sub-cellular organelles, Raman bands associated to 

mitochondria (the mitochondrial activity is a life index of 

human sperm). Researchers showed Raman images of 

human sperm cells in which the various regions can be 

distinguished in addition to the chemical images resulting 

from the k-means cluster analysis. 

 

 
 

Fig.2.10. A) Optical image of a human sperm cell. B) Chemical map 
obtained starting from the Raman measurement took on a single cell 
within the red square as indicated in the image on the left. The k-
means cluster analysis was conducted from 400-3400 cm-1.  
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Raman spectroscopy can be even used to detect biochemical 

changes that occur as a result of changes in cell 

proliferation.Short et al.46 looking at two state, "plateau" and 

"exponential", could distinguish between tumoral cell lines 

and non tumoral cell lines. They noticed that the cultures 

with a low proliferation index, will have the most of the cells 

in G1/G0 cell cycle. The cells that showed an esponential 

increase will be in the S phase and G2 of the cell cycle. 

Based on the analysis of these features, they were able to  

distinguish between the proliferative status of the tumors 

and the surrounding healthy tissue (non-proliferative). 

Results showed that the ratio of lipid/RNA decreases and 

the ratio of protein/lipid increases for both tumorigenic and 

nontumorigenic exponential cells. Lipid/RNA decreases and 

protein/lipid increases for nontumorigenic exponential 

nuclei. Lipid/DNA decreases and protein/lipid increases for 

tumorigenic exponential nuclei. 
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CHAPTER 3  

Multivariate Analysis 

 

The great number of data sets acquired by researchers are 

multivariate, meaning that same estimations, 

measurement, or calculations are obtained on each of the 

units in the data set. 

Multivariate statistical analysis is the contemporary 

evaluation of an ensemble of variables, which improves the 

single univariate analyses of each quantity by using 

information about the link between the variables47. 

  

 

3.1 Covariance, Correlation and Distance 

Before talking about covariance, correlations and distances 

some useful definitions must be given48. 

ü A random variable is defined as a variable whose value 

depends on the result of an experiment. It can be then 

defined the density function f (y) as how often the 

random variable y occurs. So writing f (y1)> f (y2), 

means that the points near y1 happen with more 

frequency then the points near y2. 

ü The population mean of  y is described as the average of 

all the possible values that y can assume and is 

designated by µ. The mean is also discussed as the 

expected value of y, or E(y).  
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ü The sample mean of a random sample of n 

observations y1, y2, . . . , yn is known thanks to the 

arithmetic average : 

                              𝑦 =    !
!
   𝑦!

!!! i 

𝑦 is cogitated a suitable estimator for µ because E(y) = µ and 

var(y) = σ
2
/n, where σ

2 is the variance of y. The variance is 

demarcated as var(y) = σ
2 = E(y − µ)

2
. This is the average 

squared deviation from the mean. 

ü The sample variance is defined as: 

𝑠! =
(𝑦! − 𝑦)!

!!!

𝑛 − 1
   

The term E(s
2
) designates the mean of all conceivable 

sample variances. The square root of both the population 

variance and the sample variance is named standard 

deviation. 

 

3.1.1 Covariance 

The covariance of two variables x and y is a measure of their 

linear relationship. The population covariance can be 

defined as: 

                                                          𝑐𝑜𝑣 𝑥, 𝑦 =   𝜎xy = E [(x – 𝜇x) (y – 𝜇y)] 

where 𝜇x= E(x) and 𝜇y = E(y). If two random variables are 

independent, independence implies that their covariance 

must be equal to zero, but the contrary (𝜎xy = 0) is not true. 
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Higher values of covariance suggest a huger linear 

dependence between two variables. If we consider a 

multivariate data set composed by z variables, there will be 

z variances and z(z-1)/2 covariances. Variances and 

covariances can be organized in such a way to form a 

symmetric matrix 𝜉  (with dimensions z x z ), known as 

covariance matrix of the data : 

𝜉 =   

𝜎!! 𝜎!"
𝜎!" 𝜎!!

⋯
𝜎!!
𝜎!!

⋮ ⋱ ⋮
𝜎!! 𝜎!! ⋯ 𝜎!!

 

 For a set of multivariate observations, this matrix can be 

defined as the sample covariance : 

                                                                                  𝑆 =    !
!!!

   (𝑥! − 𝑥!
!!! )(𝑦! − 𝑦 ) 

If the sample covariance is zero, the variables are said to be 

orthogonal. 

 

3.1.2 Correlation 

It is often hard to make a comparison between the 

covariance of pairs of different variables, since the 

covariance is closely related to the scale of measurement of 

x and y. The covariance can be standardized by dividing the 

standard deviations of the considerated variables. 

The population correlation of two variables is:  
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𝜌!" = 𝑐𝑜𝑟𝑟   𝑥, 𝑦 =
𝜎!"

𝜎! 𝜎!    

The correlation is better since is indipendent from the scale 

of the two variables. The values of 𝜌!" are covered between -

1 and 1 ( it is positive if great values of X corresponds to 

great values of Y and negative if high values of X are related 

to low values of Y). 

The sample correlation matrix is the same as the covariance 

matrix but of course with the corresponding correlation 

values :   

𝑅 = (  𝜌!") =   

1 𝜎!"
𝜎!" 1 ⋯

𝜎!!
𝜎!!

⋮ ⋱ ⋮
𝜎!! 𝜎!! ⋯ 1

 

Even in this case, since 𝜎!" =   𝜎!", the matrix is symmetric. 

 

 

3.1.3 Distance 

The calculation of the distance between the values of two 

assigned variables is often useful when is necessary to use 

particular multivariate analysis techniques such as cluster 

analysis. Considering the values of variables for two units, 

for example i and j, the most widespread employed distance 

is the Euclidean one : 
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𝒅𝒊𝒋 =    (𝒙𝒊𝒌 − 𝒙𝒋𝒌)𝟐
𝒒

𝒌!𝟏

 

where 𝑥!" and 𝑥!", k = 1,…,q are the variable values for unit i 

and j. 

If, in a multivariate data set, variables that are on different 

scales are used, before calculating the distance is 

convenient to carry out a standardization operation. 

 

3.2 Principal Component Analysis 

When you have to consider a lot of sets of multivariate data, 

graphical techniques, such as the stalactite plot or the 

trellis graphis, are not sufficient to extract useful 

information. Then the principal component analysis49 is the 

most used technique. The primary purpose of this technique 

is the reduction of a more or less high number of variables 

(representing as many characteristics of the analyzed 

phenomenon) in some latent variables. This is achieved 

through a linear transformation of the variables that 

projects the original ones in a new Cartesian system in 

which the variables are ordered in decreasing order of the 

variance: therefore, the variable with higher variance is 

projected on the first axis, the second on the second axis, 

and so on. Complexity reduction occurs because only the 

main (for variance) between the new variables are analyzed. 
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3.2.1 Method Description 

The analysis of the principal components referring to p 

variables, X1, X2,…, Xi,, …Xp  and considering i =1, 2…, p 

(multivariate vector) allow to identify as many p variables 

(different from the original ones) Y1, Y2,…, Yi….,Yp with i = 1, 

2, ..p  (multivariate vector), each one linear combination of 

the p starting variables50. The aim of the PCA is to identify 

appropriate linear transformations Yi of the observed 

variables easily interpretable capable of 

highlight and summarize the information contained in the 

initial matrix 𝑋. The initial data are then organized into the 

following  matrix 𝑋: 

𝑋 = 

𝑋!
𝑋!
⋮
𝑋!

 =   

𝑋!! 𝑋!"
𝑋!" 𝑋!!

⋯
𝑋!!
𝑋!!

⋮ ⋱ ⋮
𝑋!! 𝑋!! ⋯ 𝑋!!

 with i = 1, 2..p and j = 1, 2..p  

 where : 

• Columns represent the p observations carried 

out; 

• Rows are the p considered variables for the 

phenomenon to be analyzed. 

The matrix with the original data can be represented by a 

multivariate random vector (𝑋 = 𝑋! 𝑋! … 𝑋!      T ). 

Given the matrix 𝑋, in which the variables are related to 

each other, the aim is to obtain another matrix with new 
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data 𝑌 composed of p uncorrelated variables between them, 

which appear to be a linear combination of the first ones. 

Then we have: 

𝑌 = 𝐿  𝑋 

 

                               (p x p) = (p x p) (p x p) 

 

that in the extended form is : 

 

𝑌 =   

𝑌1
𝑌2
⋮
𝑌𝑝

=
𝑌!! 𝑌!"
𝑌!" 𝑌!!

⋯
𝑌!!
𝑌!!

⋮ ⋱ ⋮
𝑌!! 𝑌!! ⋯ 𝑌!!

=   

𝑙!! 𝑙!"
𝑙!" 𝑙!!

⋯
𝑙!!
𝑙!!

⋮ ⋱ ⋮
𝑙!! 𝑙!! ⋯ 𝑙!!

𝑋!! 𝑋!"
𝑋!" 𝑋!!

⋯
𝑋!!
𝑋!!

⋮ ⋱ ⋮
𝑋!! 𝑋!! ⋯ 𝑋!!

 

 

A general component of 𝑌 , like the first component for 

example, can be expressed as:  

 

𝑌! =   𝑌!!,𝑌!",… ,𝑌!! = 𝑙!!   𝑋!!  ,
!

!!!

𝑙!!   𝑋!!

!

!!!

,… , 𝑙!!   𝑋!"

!

!!!

=    𝑙!!𝑋 
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So the i-component is given by : 

𝑌! = 𝑙!!  𝑋 

with a corresponding variance equal to : 

                             Var (𝑌!) =    𝑙!!    𝑙! 

and a covariance equal to :  

                               Cov (𝑌! ,𝑌!) =    𝑙!!    𝑙! 

𝐿 is the characteristic matrix of linear transformation, while 

𝑌!   are the principal components. 

The multivariate vector 𝑌 = 𝑌! 𝑌! …𝑌! 𝑇 is expressed such 

that the first element 𝑌! 

includes the greater possible variance (and thus more 

information) of the original variables, and 𝑌! represents the 

greater variance of Xi after the first component, and so on 

until Yp, which takes into account the smaller 

fraction of the original variance. So, the principal 

components are linear combinations of random 

variables Xi that make maximum their variance and 

that are uncorrelated. 

 

3.2.2 Principal Components: How Many? 

Thanks to the PCA, a set of observed variables can be 

transformed into a new set of uncorrelated variables51.	  Very 
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often the researchers’s requirements can be satisfied by 

analyzing only the first principal component but, generally, 

three criteria can be adopted in order to choose the number 

of the principal components: 

1. Only those components that represent the 80-90% of 

the total variability should be considered; 

2. Follow the "Kaiser rule": take only those components 

that have an eigenvalue greater than or equal to one, 

or, equivalently, the components that have variance 

greater than the average variance; 

3. The choice of the number of components (enough to 

reproduce with a good approximation the original data) 

can be made through the eigenvalues graph or "Plot 

Screen". The Plot Screen is made putting on the 

horizontal axis the order numbers of the eigenvalues 

(1,2,…,k) and on the ordinate the corresponding 

eigenvalues ( (𝜆!, 𝜆!…   𝜆!). Points with coordinates ( j,𝜆!) 

(considering j = 1,2,…,k) are linked through segments. 

The number of principal components to be used will be 

given by the smallest k such that on the left, the 𝜆! 

trends strongly decrease,while on the right the trend 

should be constant or  weakly decreasing.	  

 

3.2.3 PCA: Geometric Approach 

From a geometric point of view52, the matrix 𝑋  can be 

represented as p points into the dimensional space 𝑅!. 
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It was widely said that the PCA aims to reduce the number of 

variables to be analyzed. This leads in projecting the p 

points in a subspace 𝑅! identified in such a way that the 

cloud of p points in 𝑅! is deformed as little as possible.	  The 

principal components identifies a new coordinate system in 

order to have on the first axis (Y1)  the maximum variance of 

the system, on the second a variance less than the first but 

the maximum compared to the others and so on. The 

[Fig.3.1] can help to better understand. In the top left 

imagine (a)  the initial data are plotted in the plane 𝑅!, and 

the three segments corresponds to the three eigenvectors of 

the covariance matrix are indicated. In the top right imagine 

(b) is reported the plan of the two choosen principal 

components. In the bottom left imagine (c) is highlighted  

the representation of the loss of information concerning the 

first principal component. In the bottom right imagine (d) is 

illustrated the loss of information concerning the second 

principal components. 
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If the starting sample (𝑋!  𝑋! … 𝑋!) is distributed according 

to a normal random variable N (0,Σ), then the covariance 

matrix is defined positive and is, therefore, invertible. Then 

𝑋!   Σ!!𝑋 = 𝑐 describe an ellipsoid centered at the origin.	  For 

a multivariate Gaussian sample  there will be a different a 

graphical interpretation [Fig.3.2]. 

            Fig. 3.1. Principal components. 
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3.3 Cluster Analysis 

The cluster analysis is an important tool for exploring the 

structure in the data53. It is applied in a variety of 

disciplines, both scientific and engineering54-56. It can be 

defined as a set of methods and procedures aimed at 

grouping objects into categories or classes, on the basis of 

characteristics of similarity. The clustering algorithms in the 

literature try to measure the similarity between objects, and 

then proceed in grouping objects with low dissimilarity and 

Fig. 3.2. Graphical interpretation of a multivariate Gaussian 
sample. 
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separate those with high dissimilarity. These algorithms are 

generally classified in hierarchical clustering methods and 

non-hierarchical clustering methods. 

 

3.3.1 Hierarchical Clustering Methods 

In this kind of methods, data are associated with a tree 

structure in such a way that the tree leaves correspond to 

the observations and the nodes to subsets of observations57. 

The nature of tree introduces a hierarchy in subsets 

associated with the branches. There are two wide families of 

hierarchical methods: 

• Agglomerative methods: starting from an initial state of 

n groups, in which each observation is a separate 

group, we proceed by performing the successive groups 

fusions with low dissimilarity between them, until k = 

1, ie all the observations belong to the same group; 

• Divisive methods: starting from an initial state with k = 

1 groups (single group) we proceed to successive 

subdivisions up to n groups. 

Both processes operate on a dissimilarity matrix. The main 

feature of this kind of methods, is that once the two groups 

are joined will no longer be separated later, and,in a similar 

manner, once two groups are separated will no longer make 

part of the same cluster. The distance is definitely a 

measure of dissimilarity. The most common distance 
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function used between two vectors is the Euclidean 

distance. 

 

 

3.3.2 Non-hierarchical Clustering Methods 

These methods are characterized by a procedure which 

must identify some aggregation points, called centroids, 

around which groups are built. Every observation of the 

data set is assigned to the group of the nearest centroid. 

The most famous non-hierarchical clustering method is the 

k-means. 

 

3.4 K- means Cluster Analysis 

The K-means algorithm is a clustering algorithm that allows 

to split groups of objects in K partitions on the basis of their 

attributes59. 

The objective of the algorithm is to minimize the total inter-

cluster variance. The algorithm follows an iterative 

procedure. Initially, it creates partitions and assigns to each 

partition the starting points randomly or using some 

heuristic information. Then, it calculates the centroid of 

each group. Thus constructs a new partition by associating 

each starting point to the cluster whose centroid is closer to 

it. The centroids are subsequently recalculated for the new 

cluster, and so on, until it converges. The algorithm has 

purchased notoriety given that it converges very fast. In 
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fact, it was observed that ,in most of the cases, the number 

of iterations is less than the number of points. The quality 

of the final solution depends largely on the set of initial 

cluster and in practice, a solution much worse than the 

global optimum could be obtained. Since the algorithm is 

extremely fast, it is common to repeate it several times 

and,between the producted solutions, choose the most 

satisfactory. 
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CHAPTER 4  

	  

Analysis of Raman Spectra for Samples 

of Biological Interest 
	  

4.1 Introduction 

Stem cells are primitive cells not yet equipped with 

specialization but able to develop into different cell types of 

the body. To be defined as "stem", cells should have two 

main characteristics: be able to self-renew exactly 

reproducing themselves, (and thus keeping always available 

a population of cells for growth and repair of tissues) and ,at 

the same time, must be able to differentiate into other cells 

necessary for the growth of the organism and the 

regeneration of tissues60. 

There are different types of stem cells. Ordered by 

differentiating potential, they can be divided into totipotent, 

pluripotent, and multipotent. The totipotent cells are able to 

differentiate into any cell type and must be taken in the 

early stages of development of the organism: from the zygote 

to blastocyst.  

The pluripotent cells [Fig.4.1] may specialize in all types of 

cells that are in an adult but not in cells that compose 

extra-embryonic tissues. They are isolated from the inner 

cell mass (ICM) of the blastocyst61,62. The ICM grow up 
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giving birth to three germ layers: ectodermal, mesodermal 

and endodermal.  

The pluripotency then consists in the ability to differentiate    

into any cell type of the three layers which constitute the 

embryo. 

 

 

 

 

The multipotent cells are specific for each tissue giving rise 

to a limited number of cell types. Due to their ability to 

differentiate, the pluripotent embryonic stem cells (ESCs) 

are one of the main research object. ES cells proliferate 

Fig. 4.1. Pluripotent stem cells. 
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indefinitely in vitro while maintaining the ability to 

differentiate into all types of somatic cells. They have been 

isolated for the first time in 198161.  

Embryonic stem cells are known to be very useful for 

therapeutic purposes (in particular for neurodegenerative 

diseases treatment62). The use of these cells, however, is 

complicated looking at the rejection problems they can 

induce since they are heterologous and also because of 

ethical concerns. In fact,the laws to regulate research on 

human stem cells are not unique in all countries (for 

example, in Germany the extraction of stem cells from a 

human embryo is considered illegal while in Britain 

scientists can use human embryos for research up to 14 

days after ovum fertilization). In order to overcome these 

obstacles, in recent years researchears create induced 

pluripotent stem cells. iPSC63 cells are generated by 

reprogramming adult somatic cells to a state of pluripotency 

through the expression of transcription factors. The iPSC 

possess all the characteristics of ESC: they express the 

same stem cell markers; maintain the potential for self-

renewal, have the ability to differentiate into the three germ 

layers, have a normal karyotype and can form teratomas 

when transplanted into immunodeficient organisms. To 

obtain iPS cells, possible factors responsible for stemness 

have been widely studied as well as methods to transfer 

these factors directly into the recipient cells. The main 

identified factors able to induce reprogramming in 

pluripotent sense are: 
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• Oct464,65, whose level of expression influences a 

lot the destiny of embryonic cells; 

• Sox266,67, whose presence is essential for the 

maintenance of pluripotency in ES cells69,70,71; 

• Nanog72,73, whose absence causes the 

differentiation of embryonic cells, and its gene 

expression is regulated by Sox2 and Oct4, with 

which it shares many target gene74,75; 

• c-Myc76, has numerous target gene and seems 

able to change the structure of chromatin77 and 

activate the expression of some miRNAs78; 

• Klf479, one of its target is p21, the absence of 

which determines a cell proliferation by the action 

of Klf4 of p53; 

• Lin2863,80 blocks the differentiation process 

mediated by miRNAs. Its locus was identified as 

the binding site for Oct3 / 4, Sox2 and Nanog81. 

Takahashi and Yamanaka were the first to use these factors 

to reprogram skin fibroblasts82,83. After transfection , these 

cells showed morphological and genetic characteristics 

similar to the ESC and were also able to form teratomas, 

proving their pluripotency. This technique was enhanced by 

subsequent studies, especially with the aim of defining 

which factors are more efficient in inducing the 

reprogramming.Recently, Yu et al.84, have described the 

generation of iPS cells through transfection of 

reprogramming factors, but without the necessity of viral 
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vectors, decreasing in this way the modifications induced to 

the recipient cells and making these cells more similar to 

the physiological ones. This result was obtained by 

transfection (nucleofection) of six reprogramming factors 

(OCT4, SOX2, NANOG, LIN28, c-Myc, and KLF4) channeled 

by carriers oriP / EBNA1 which were subsequently lost with 

the suspension of the drug selection. The pluripotency of 

iPS cells makes them a rich and important source for the 

generation of specific cells that can not be taken by patients 

through a biopsy.	   IPS cells are increasingly investigated 

because they allow the study of pathogenetic 

mechanisms,the screening of drug molecules and can be an 

alternative and abundant source for cell mediated 

therapeutic strategies. 

 

The aim of this thesis work, through the application of the 

PCA and cluster analysis, is to qualitatively study Raman 

maps related to embryonic stem cells (hESC) and induced 

pluripotent stem cells (reprogrammed from two different cell 

lines) highlighting similarities, differences and significant 

peaks that could allow, in the future, the creation of iPSCs 

perfectly equal to hESCs. 
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4.2 Experimental Measurements 

The Raman measurements were carried out on 6 cells: two 

hESC; two iPSCs obtained starting from T lymphocytes and 

two iPSCs obtained starting from keratinocytes. Despite 

researches have shown that,up to now, the best IPSC 

(looking at morphology and proved pluripotency)were 

obtained from fibroblasts85 forcing the expression of a small 

number of factors that were discussed  earlier in this 

chapter, ideally the reprogramming to "stem" can be made 

for any human somatic cell (solving in this way, even if only 

partially, the problem of rejection in the case of 

differentiated cells derived from iPSC are re-transplanted in 

the same patient). In this work T lymphocytes cells have 

been chosen as starting cells to be reprogrammed since they 

represent a perfect "material" : they are abundant in the 

blood (6.5 x 105 - 3.1 x 106 / ml in healthy individuals86 ) 

and there are well-established protocols for their colture. 

Keratinocytes have been chosen to test if, compared to T 

lymphocytes, ensure a greater production efficiency of iPSC. 

They also constitute an easily accessible source as they are 

obtainable from hair or epidermal biopsies87. All cells, fixed 

in 4% in formalin solution for 45 minutes, were deposited 

on a slide of calcium fluoride (CaF2), which does not 

interfere with the Raman signal. 

The Raman measurements were made in the backscattering 

configuration with a green diode laser (wavelength equal to 

532nm) and a power of 10 mW, on a grating of 600 lines per 
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mm with a spectral resolution of 3 cm -1. 

Before applying the principal component analysis,the 

Raman spectra have been treated. 

	  

4.2.1 Pre-processing of the Spectra and Cosmic 

Ray Removal 

Spectra must be processed to generate images that contain 

the most significant information. Cosmic rays are high-

energy particles originating from outer space that interact 

with atoms and molecules in Earth's atmosphere. Due to 

the high energy, in the impact a large number of 

particles,called mesons,are created. These in turn quickly 

decay into muons. For their relative speed muons reach the 

surface of the Earth. The term "cosmic rays" is generally 

used to indicate the muons that come in contact with the 

devices on Earth. If a cosmic ray hits the CCD detector, a 

false signal will be generated the  spectrum could be 

characterized by a very sharp peak (spike) that is not related 

to the Raman signal. 
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The filtering of the spectra                                                                                            

in the spectral domain allows the removal of cosmic rays. 

With this method, each pixel is compared with the adjacent 

ones and if it exceeds a certain threshold, then it is 

identified as a cosmic ray [Fig 4.2]. 

 

 

Fig. 4.2. Raman spectrum characterized by the presence of a spike. 
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4.2.2 Background Subtraction 

The background subtraction is a technique used when the 

measurements are carried out on solutions in which the 

solute to be measured is dissolved in a solvent. The purpose 

of this technique is to obtain a spectrum without peaks 

related to the used solvent. This is possible by measuring 

the spectrum of the solvent, which is then subtracted from 

that of the solution, in order to get only the peaks 

corresponding to the component under examination. 

In the present work we used a slide of calcium fluoride as a 

substrate. The calcium fluoride has a characteristic peak 

around 325 cm-1 that is not going to add up to no peak of 

the spectral range of our interest, since we consider the 

ranges from 400 to 1800 cm-1 and from 2600 to 3100 cm-1. 

For this reason it is not necessary to subtract the spectrum 

of calcium fluoride to the spectrum of the sample.  

The background subtraction is also used when the 

measurement is performed on small cells, where the 

scanning area includes not only the cell, but also the empty 

space. The pixels corresponding to the empty space acquire 

noisy spectra. So, the spectrum corresponding to the empty 

space is subtracted from the average spectrum of the 

examined cell. 
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4.2.3 Normalization 

One of the main sources of bias in the Raman spectral 

measurements is the total variation of intensity. The total 

change in intensity may be due, for example, to fluctuations 

in laser power, variations in the focus, differences in the 

sample volume. Thanks to the normalization, the 

elimination of redundancy and the risk of inconsistency 

from the database is allowed. Basically, the normalization is 

performed by dividing each variable of a spectrum for a 

constant and according to the choice of this constant, there 

will be several standardization procedures. Without 

normalization, some spectral data would be of little 

significance to the variance, and therefore, would not be 

considered important by the multivariate analysis. 

Moreover (before any measurement), the Raman shift was 

calibrated by performing a measurement on a silicon 

sample, using as reference the known peak of Si at 520 cm-

1. 

 

 

4.3 PCA Applied to Raman Maps 

Once calibrated the instrument and stablished the 

geometrical parameters of the section to be measured 

(height and width), spectral maps of the samples were 

acquired. Even the number of lines to be scanned and the 
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number of points per line( number of pixels) were chosen. 

When the measurement ended, it has been obtained a set of 

spectra (one per pixel) constituting the data group on which 

was applied the PCA and the K-means cluster analysis. First 

of all, Figure 4.3 and 4.4 show the comparison between the 

topographic spatial correspondence between the optical 

image (on the left) and Raman images (on the right) of the 

measured samples. As can be seen from Figure 4.3 the 

hESCs in the Raman map is slightly shifted with respect to 

its corresponding optical image. This is due to a shift of the 

cell in the measurement phase that, however, does not 

affect the outcome of the analysis. 

                

  

 

 

 

Fig. 4.3. Optical and Raman image, respectively, of the first (shifted) 
hESC. 
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As described in chapter 3, the principal components are 

linear combinations of the original variables, calculated in 

such a way that can express the maximum variance of a 

data set and are not related to each other. The PC1 

expresses the maximum variance, followed by the PC2, the 

PC3 and so on. In the context of image analysis this means 

that, even if for each image may be estimated a very high 

number of components, the useful information are, in 

reality,  obtainable from a limited number of principal 

components. It is for this reason that during the analysis we 

have chosen to consider only the PC1, PC2 and PC3. These 

Fig.4.4. Optical and Raman image of hESC (a), iPSC derived from T 
lymphocytes (b-c) and iPSC derived from keratinocytes (d-e). 
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components are able to describe spectral variations 

concerning the chemical composition of the sample, while 

the remaining components were rejected because too 

influenced by noise. PC loadings are spectral decomposition 

of the principal components: each pc is a linear 

superposition of the old variables (the probed Raman shifts). 

PC loadings are constituted by the coefficients of the linear 

superposition. It must be pointed that there is an important 

difference between the original Raman spectra and the 

loadings spectra; In fact, the latter can be characterized by 

certain negative spectral bands that, in contrast, are 

inexistent in the former. Figure 4.5 highlight the PC1 

loading (considering  the spectral range 400-1800 cm-1). 

 

 

Fig. 4.5. PC1 loading. 
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The analysis of PC1 is purely topographic. The peaks are all 

positive and therefore it is used more as a control for the 

quality of the maps rather than to derive intracellular 

differences. For completeness, here is a peak assignment in	  

Table 4.1. 

 

 

 

 

 

PEAK (cm-1) ASSIGNMENT 

755 Mitochondria 

785 
Pyrimidine 

(DNA/RNA) 

1000 Phenylalanine 

1248/1249/1250 Amide III, G,C 

1260/1262 Amide III,T,A 

1585 Cytochrome C 

Table 4.1. Summary of the most relevant peaks in the PC1 loading. 
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Biochemical information may instead be derived from PC2 

and PC3 analysis. Figure 4.6 shows the resulting Raman 

maps; Figure 4.7 shows the PC2 and PC3 loading. From the 

PC2 loading , three peaks particularly significant can be 

highlighted: the first at 785 cm-1 is meaningful of 

pyrimidines, aromatic molecules of DNA and RNA; the 

second at 1487 cm-1 refers to the presence of purines, 

especially adenine, nitrogenous base of DNA and RNA; the 

third, at 1576 cm-1, is still associated to DNA since it is 

indicative of the presence of nitrogenous bases adenine-

guanine. The crossed analysis between the loading of the 

PC2 (highlighted in Fig. 4.7) and the corresponding Raman 

maps (Fig. 4.6) shows a more marked presence of PC2 in 

iPSC cells, in particular those derived from peripheral blood 

T lymphocytes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6. Raman maps of PC2 and PC3 on the 6 cells group. 
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This could be a sign of a more marked presence of genetic 

material in the latter respect to hESCs. This consideration 

may also be made by observing the chromatography of 

Raman maps: the red color can be associated to the positive 

peaks of PC2; the blue color is associated to the negative 

peaks: more intense the color appears, the greater will be 

the amount of that particular molecule.In addition to be 

sensitive to the presence of DNA, the PC2 shows a peak at 

1676 cm-1, which identifies the secondary structure of 

proteins (Amide I- 𝛽  sheet) and one at 1093 cm-1 that 

Fig. 4.7. PC2 and PC3 loading. 
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identifies PO2- symmetric                                                                                

stretching vibration of the DNA backbone. All peaks taken 

into account so far are negative. At 1437 cm-1 there is a 

positive peak associated with the CH2 deformation of lipids. 

As for PC2, also for the PC3 a crossed check between the 

loading and the Raman maps was performed. In the PC3, 

highlighted in blue, appear to be more marked the negative 

peaks at 750 cm-1 related to the mitochondrial activity and 

(even negative) at 1585 cm-1 and 1130 cm-1 related to 

cytochrome C. Raman maps shown in Figure 4.6 well 

summarize the molecular distribution of the components 

mentioned above. Similarly to the PC2, even the PC3 is also 

most present in the iPSC, in particular those derived from 

T-lymphocytes. 

In conclusion, the analysis of PC2 and PC3 on cell samples, 

shows a significant difference in terms of molecular 

concentrations, observed through Raman maps. HESCs 

show a more uniform aspect while in iPSC many marked 

regions allow to indentify the presence of DNA bases, and 

then genetic material, in the nucleus and the presence of 

cytochrome C inside the cell membrane.  

To analyze biological molecules, the use of algorithms that 

can divide a full set of variables into subsets are often used, 

each of which is expression of a given molecular karyotype. 

Through cluster analysis, using the k-means algorithm 

(executed in the already cited fingerprint Raman spectral 

region 400-1800 cm-1), the spectra of the 6 cell samples  
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were grouped as shown in Figure 4.8. Spectra were 

normalized to allow a comparison between three different 

types of cells whose spectra were realized using different 

scales. The number of spectral classes was chosen equal to 

5, as evident in Figure 4.9. The resulting maps of the cluster 

are shown in Figure 4.10. 

 

    

 

 

 

 

Fig. 4.8.	   Average spectra of cluster Analysis considering the range 
400-1800 cm-1; the blue spectrum is the average of the spectra related 
to the blue class; the red spectrum is the average of the spectra related 
to the red class; the green spectrum is the average of the spectra 
related to the green class; the yellow spectrum is the average of the 
spectra related to the yellow class.	  
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As can be easily observed, the average spectra of each class 

are shown in Figure 4.8 using the same colors used for the 

cluster, with the exception of white, which is the outer 

portion of the cell. It must be immediately specified that the 

red outline observable on the outside of cell membranes in 

Fig.4.10 is not connected to the red spectrum in Fig. 4.8 but 

it is simply an artifact of pixel interpolation adopted. 

 

Fig.4.9. Spectral classes. 
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From the crossed analysis between spectra and the 

resulting maps it can be seen that the blue spectrum refers 

to the outside of the cells . Since it is present more or less 

uniformly in all three cell types analyzed, it does not allow 

to detect important differences between hESCs and iPSCs. 

On the contrary, the red color is particularly evident inside 

the iPSC cells derived from T lymphocytes.For this reason,it 

was considered appropriate to perform a spectral difference 

between the yellow and red spectrum. In this way we were 

Fig. 4.10. Maps of (a) iPSC derived from keratinocytes; (b) iPSC 
derived from T-Lymphocytes; (c) hESC. 
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able to highlight the most interesting peaks and so 

investigate the main biochemical differences existing 

[Fig.4.11].	  	  

The other cells (hESCs and iPSC cells derived from 

keratinocytes), show yellow and green inner zones . The 

green and yellow spectra appear to be very similar, but the 

yellow one is chosen to obtain the spectrum difference, 

since is characterized by an increased intensity of peaks 

and by an improved signal / noise ratio.  

From Figure 4.11, the black spectrum is the difference 

between the red and the yellow. It is characterized by both 

positive and negative peaks : all that is positive can be 

attributed to the red areas of the maps ; specifically, it 

shows relevant peaks at: 

-785 cm-1 related to the pyrimidine; 

-1373 / 1375 cm-1 characteristic of thymine, adenine, 

guanine (ring breathing modes of the DNA / RNA bases); 

- 1576 cm-1 identifier of nitrogenous bases adenine-guanine. 

Around 1485 cm-1 can also be noticed a peak still relative 

to the nitrogenous bases guanine-adenine due to the fact 

that the spectrum difference takes into account a slight 

asymmetry present on the red spectrum but not in the 

yellow(even for the peak about 1445 cm-1). The peaks 

identified through cluster analysis appear to be the same as 

already highlighted through the analysis of PC2. 
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We can therefore conclude that the two techniques are 

complementary and lead to the same results: the iPS cells 

derived from T-lymphocytes have a larger amount of genetic 

material in the cell nucleus both in relation to the iPSCs 

derived from keratinocytes either compared to hESCs; while 

iPS cells derived from keratinocytes assume a molecular 

distribution very similar to hESCs, in particular by referring to 

the content of cytochrome C and the mitochondria within the 

cell membrane. 

Fig.4.11. Relevant peaks highlighted for the black spectrum (difference 
between the red and the yellow). 
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CHAPTER 5  

Summary 

 

5.1 Conclusion 

One of the biggest issues encountered in the molecular 

analysis is the abundance of variables expressed in relation 

to the small number of samples available. To discriminate 

genes or molecules that have a biological significance, it is 

necessary to use algorithms able to reconstruct the cell 

image taking into account the parameters of the 

components contained inside the cell itself. 

The aim proposed in this thesis work was to use 

multivariate processes able to ensure a spectral resolution 

explanatory of the biological content of three pairs of cells 

different from each other. Thanks to the micro-Raman 

spectroscopy the cell spectra were collected. As previously 

mentioned, three types of cells have been considered. The 

first set of samples consists of human embryonic stem cells 

(hESCs) or pluripotent human stem cells that are derived 

from the Inner Cell Mass of the blastocyst. They are able to 

differentiate into any type of biological tissue, but resulting 

from blastocysts, their isolation involves great ethical 

problems, since the embryo must be sacrificed. The hESCs 

used in developing this thesis were bought at the WiCell and 

keeping them in culture is absolutely legal. The sets 2 and 3  
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consist of induced pluripotent stem cells. iPSC are 

pluripotent cells that, through the transduction of four 

transcription factors (OCT4, Klf4, Sox2 and c-Myc), have 

been led back to their stem condition despite, at the 

beginning, they were differentiated adult cells. In particular, 

the Raman analysis was performed on cells derived from 

peripheral blood T lymphocytes and cells reprogrammed 

from keratinocytes.	   With the support of the programming 

software LabVIEW, the acquired spectral data have 

undergone a pre-processing before being subjected to the 

multivariate analysis. After the pre-processing, on a total of 

6770 spectra, the Principal Component Analysis has 

revealed that the concentrations of genetic material within 

the iPSCs derived from T lymphocytes is more pronounced 

than both iPSCs derived from keratinocytes and the hESCs, 

where the maps are instead much more uniform. The same 

results were confirmed by using the Cluster Analysis. In 

particular, it has been observed that the peaks particularly 

significant coincide with the peaks shown by the analysis of 

PC2. 

Besides confirming a higher content of DNA / RNA within 

the iPSCs derived from T-lymphocytes, the Cluster Analysis 

also makes evident that the iPSCs derived from 

keratinocytes assume a molecular distribution very similar 

to hESCs, looking especially at the content of cytochrome C 

and mitochondria within the cell membrane. Table 5.1 

shows the most significant peaks emerged through 

multivariate analysis. 
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PEAK ( cm-1) ASSIGNMENT 

755 Mitochondria 

785 Pyrimidine (DNA/RNA) 

1000 Phenylalanine 

1093 PO2- symmetric stretching 

vibration of the DNA 

backbone 

1130 Cytochrome C 

1248/1249/1250 Amide III, G , C 

1260/1262 Amide III, T , A 

1375 T , A , G 

1437 CH2 deformation (lipids) 

1487 A, G 

1576 A, G 

1585 Cytochrome C 

1676 Amide I 

 

 

 

 

 

Table 5.1. Most significant Raman peaks. 
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5.2 Future Perspectives 

The high degree of similarity highlighted between the iPSCs 

derived from keratinocytes and hESCs offers new hope for 

the use of pluripotent stem cells for regenerative therapies 

by eliminating the ethical problems. Actually, the epidermal 

stem cells are (even nowadays) taken from patients, 

expanded in culture and then used to form layers of 

epidermis in the lab. These layers of epidermis can then be 

transplanted into patients as skin grafts. This powerfull 

technique is  used to save the lives of patients who 

underwent severe burns over large areas of the body but 

unfortunately, in addition to be a very expensive procedure, 

the new skin does not allow to regenerate hairs and sweat 

or sebaceous glands. That's why researchers are working to 

identify new techniques with the goal of creating skin stem 

cells in the laboratory that may be similar in every aspect to 

the embryonic stem cells. 

Further studies will be also done to make equal and not 

only similar to hESCs (in terms of morphology and 

pluripotency) the iPSCs derived from T lymphocytes . 
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