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Abstract
The aim of this research is to  study the effects of how radiation interacts with 

living cells and radio-biologically relevant molecules. Raman and Synchrotron Fourier 

Transform  Infrared  microspectroscopy  with  subsequent  multivariate  analysis  was 

applied to investigate radiation damage to nucleic acids, proteins and lipids and also to 

monitor  the  cellular  response  to  radiation  exposure.  DNA conformational  changes 

including the partial molecular transformation from the B–DNA to the A–DNA form, 

along with an increase in protein expression, characteristic of DNA repair, was observed 

in  cells  exposed  to  radiation,  as  evidenced  by  a  shift  in  the  DNA  asymmetric 

phosphodiester vibration to a higher wavenumber value. Chromatin condensation and 

intranuclear lipid deposition associated with apoptotic processes were also detected by 

mapping  the  distribution  of  characteristic  functional  groups  associated  with 

biomolecules.

The molecular structure of individual Double Strand Breaks (DSBs) were characterised 

for  the  first  time  using  Tip  Enhanced  Raman  Scattering  (TERS)  with  a  top-down 

configuration and reflective substrate. Based on spectral interpretation it was found that 

DSBs result  from cleavage  at  the  3’–  and 5’–  bonds  of  the  deoxyribose  unit  upon 

exposure  to  UVC  radiation. The  observation  of  P–O–H  and  methyl/methylene 

deformation  modes  enhanced in  the  TERS spectra  proved that  strand fragments  are 

hydrogen–terminated at the lesion, indicating the action of free radicals during photon 

exposure. 

The  results  presented  herein  enhance  the  knowledge  about  the  interaction  between 

radiation and living matter in a cell population, single cells, single extracted cellular 

nuclei, double stranded DNA and other radio-biologically relevant molecule levels.
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Introduction

All living organisms are continually exposed to radiation through natural sources 

such  as  cosmic  rays  and  terrestrial  sources  including  radon  thorium  and  uranium. 

Radiation has found application in cancer treatment and diagnosis and has direct effects 

on tissues and cells. The most sensitive molecule in terms of affecting cell function is 

damage to DNA because the genetic information is stored here [Warters 1977, Warters  

1978, Wouters 2009]. The processes at the cellular and molecular level are the basis for 

the macroscopic effects of ionising radiation on whole organisms. The cellular response 

to ionising radiation depends on the radiation type, LET, dose, dose rate, and cell type 

[Prise 2005, Wouters 2009]. However, the existing knowledge about these processes is 

still incomplete and requires further studies. In radiobiology, the effects of low dosages 

are extremely important in understanding how radiation interacts with cells and tissues 

in radiotherapy and our daily lives.

The  results  of  this  thesis  provide  a  unique  database  of  knowledge  about 

processes in living matter after exposure to radiation and the effectiveness of proton 

therapy. Such information could potentially lead to new therapeutic strategies especially 

given proton therapy is currently used in countries including Poland for the treatment of 

ocular melanoma at IFJ PAN. 

In recent years, the Synchrotron Radiation Fourier Transformed Infrared (SR–FTIR) 

and Raman microspectrosopies have been applied to studies of biological materials at 

the cellular level. Undoubtedly the advantages of these methods are the high sensitivity 

and noninvasive nature of the approach.  In this thesis the application of SR–FTIR 

microspectroscopy  and  various  Raman  scattering  techniques  including  Tip 

Enhanced Raman Scattering (TERS) and Surface Enhanced Raman Spectroscopy 

(SERS) are applied to analyse radiation damage in single cells and double DNA 

strands. 

The main areas of investigation are three-fold:

1. To investigate the effects of irradiating single cells with a proton microbeam 

using SR-FTIR spectroscopy. 

2. To develop a TERS method to investigate the chemical nature of individual 

Double Strand Breaks (DSBs) in DNA.
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3. To investigate spectral changes in cellular nuclei isolated from irradiated 

and control cells. 

This study combines various types of spectroscopic approaches with the goal to enhance 

the knowledge of the physical and chemical phenomena that take place in a living cell 

and DNA in solution after radiation exposure. This thesis has been divided into four 

chapters.

The first  chapter  consists  of two subsections:  “Introduction to Radiobiology” 

and  “Introduction  to  Biospectroscopy”.  The  first  subsection  “Introduction  to 

Radiobiology” describes the physical, chemical and biological phenomena associated 

with exposure to various kinds of radiation starting with an explanation of the basic 

physical  processes  associated  with  the  interaction  of  photons,  electrons  and  heavy 

charged particles with matter at the atomic level. The section provides an explanation of 

chemical  phenomena  in  biologically  relevant  macromolecules  and  finishes  with  a 

biological  description  of  the  cellular  response  to  radiation.  In  the  second  section 

“Introduction  to  Biospectroscopy”  the  spectroscopic  techniques  such  as  Raman 

scattering,  Surface  Enhanced  Raman  Scattering  (SERS),  Tip  Enhanced  Raman 

Scattering (TERS) and Fourier Transform Infrared (FTIR) spectroscopy are explained. 

Additionally the mathematical descriptions of the algorithms related to data processing 

such as baseline correction and Principal Component Analysis (PCA) and Unsupervised 

Hierarchical Cluster Analysis (UHCA) are presented.

The second chapter provides an introduction to the experimental methods. First, 

the radiobiological relevant macromolecules in single cells including nucleic acids and 

nucleotides are  investigated using IR and Raman microspectroscopy.  The spectra  of 

these compounds are compared to spectra of control and irradiated single cells and the 

radiation dependent changes in DNA and nucleotides are discussed.

The  third  chapter  shows  a novel  approach  to  visualise  and  characterise  the 

molecular structure of the most dangerous form of DNA damage namely DSBs at the 

nano–scale in isolated plasmid DNA using TERS with a top–down configuration. The 

detection of terminal hydrogen bonding in plasmid DNA exposed to UVC radiation is 

reported using the TERS technique. Based on visual inspection and PCA three main 

types of TERS spectra and three potential cleavage sites were identified. To the best of 

2



the  author's  knowledge,  the  chemical  structure  of  individual  DSBs  has  never  been 

experimentally verified. The analysis of the spectral variance was performed using PCA 

and a comparison with TERS, SERS along with micro–Raman spectra are presented. 

In the fourth chapter a number of experiments were performed to enhance the 

knowledge about the interaction between living single cells to various types of radiation 

using SR–FTIR and Raman microspectroscopy in combination with PCA. Three types 

of experiments are presented namely proton damage detection in single cells, single cell 

response to proton irradiation, non–targeted effects such as the bystander effect induced 

by proton irradiation, and a study on the response of cells to UV radiation. 
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Chapter I  

Theoretical introduction
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1.1 Introduction to Radiobiology

The  aim  of  this  chapter  is  to  describe  the  principal  physical,  chemical  and 

biological  phenomena  of  the  interaction  between  ionising  radiation  and  biological 

matter at the atomic, molecular and single cell level.

1.1.1 Charged particle interaction with matter

        Charged heavy particles such as those used in cancer therapy, which include carbon 

ions, alpha particles and protons with MeV energy range, interact with matter mainly by 

Coulomb interaction with orbital electrons of the absorbent. Because of the low cross–

section for Rutherford scattering (elastic scattering of charged ions against  scattering 

absorbent atom nuclei) or nuclear reactions, these processes are not involved in energy 

transfer between the charged heavy ions and the absorbent atoms. As a result of energy 

transfer there is usually excitation and ionisation of absorbent atoms. The trajectory of 

the interacting particle changes constantly, however, those changes are very small and 

because of the direction compensation (the total sum of random changes of the velocity 

vector direction is equal 0) the resultant trajectory is a straight line, which is defined by 

the  direction  of  the  initial  velocity.  When  the  decreasing  particle  energy  becomes 

comparable to the energy of electrons in absorbent atoms the probability of electron 

capture by the particle increases, which temporarily prevents further Coulomb impact. 

Averaged energy loss of heavy charged particles per unit of path is described by the 

Bethe formula (1.1): 

−dE
dx

= 4 e 4 z 2

me V 2 NZ [ ln
2me V 2

I 1−2
−2]                    (1.1)

where:

e – electron charge, 

z – atomic number of heavy particle, 

me – electron mass, 

V – particle velocity, 

N – number of atoms per one unit volume of the absorbent, 

Z – atomic number of the absorbent, 
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β – the ratio of particle velocity to the speed of light, 

I –  averaged  ionisation  or  excitation  potential  of  absorbent  atoms,  the  value  is 

determined by the semi–empirical formula (1.2): 

I=9,1Z 11,9

Z
2
3

                                       (1.2)

Using the data generated in the program SRIM [1] a plot  showing the averaged 

energy loss per unit path for a proton (initial energy 2 MeV) during its travel through 

the  water  (Fig  1.1)  was  prepared.  Water  is  considered  as  a  material  that  mimics 

biological materials and is often used in radiobiological modelling because human cells 

are made up of approximately 80% of water.  

The energy losses per path unit increases exponentially with decreasing proton 

energy and reaches a maximum – the Bragg peak, and then declines rapidly due to the 

increasing  probability  of  electron  capture.  The  energy is  transferred  over  the  entire 

heavy particle trajectory. Electrons ejected during ionisation and photons emitted in de–

excitation  processes  can  affect  the  absorbent  causing  indirect  radiation  damage. 

[Hrynkiewicz 2001, Wagenaar 1995]
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Fig. 1.1 A plot showing the averaged  energy loss per path unit for a proton (initial  
energy 2 MeV) during its travel through water.
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1.1.2 Electron interaction with matter

According to classical theory, each electron interaction with a matter results in a loss 

of  energy  because  of  changes  in  velocity  accompanied  by  the  emission  of 

electromagnetic radiation called bremsstrahlung dE /dx r . The electrons can transfer 

their  energy  by  Coulomb  interaction  dE /dx C .   The  ratio  of  these  values  is 

approximated by the formula (1.3).

dE /dxr

dE /dxc
∝ EZ

700
                          (1.3)

where: 

E – electron energy, 

Z – atomic number of the absorbent.

The trajectory of the electron interacting with matter changes dramatically because of 

the very high–energy transfer. The electron can transfer a significant part of its energy to 

the absorbent electron  because in the centre of mass system, both particles have the 

same rest masses. [Hrynkiewicz 2001, Wagenaar 1995]

 

1.1.3 Photon interaction with matter

X rays, UV and gamma radiation are more penetrating than charged particles – 

the  interaction  with  matter  is  weaker  (ionisation  density  is  lower).  Interaction  is 

described by the probability of a photon removal from the incident beam per unit of 

path in the absorbent (μ), which is called a linear absorption coefficient. The intensity of 

the beam (I) in the absorbent decreases exponentially: 

I=I 0e− x                          (1.4)

where: 

I0–intensity of incident light, 

x– the thickness of the absorbent.

The energy transfer takes place through the photoelectric effect,  the Compton 

effect and pair production.
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In the photoelectric effect the whole energy of 

a photon is transferred to one of the electrons located 

on the  internal  atomic  shell.  The  electron is  ejected 

gaining  the  photon  kinetic  energy  reduced  by  the 

binding energy of an electron in the atom (Fig. 1.3). 

De–excitation  of  the  electron  from  higher  energy 

atomic  shell  is  accompanied  by  emission  of 

characteristic  X–rays,  Auger  electron  emission  or 

Coster–Cronig  phenomenon.  The  probability  of  the 

photoelectric  effect  is  approximately proportional  to 

Zn/E3,  where  for  low energy quanta  the  exponent  n 

varies between 3 and 4.

In the Compton effect just a part of photon energy is 

transferred to the electron located in the outer–shell of 

the  absorbent.  As  a  result  of  this  mechanism  the 

photon, losing its energy, has a longer wavelength and 

the electron is ejected from the atom. The probability 

of the Compton scattering process is proportional to 

the  Z number  and decreases  with increasing photon 

energy. 

 The  minimum  energy  needed  for  the  pair 

production  process  is  1.02  MeV  –  the  sum  of  two 

electrons  rest  energies.  Photon  energy  is  partially 

converted  into  the  mass  and  creates  a  particle  –  an 

electron and antiparticle – positron. Due to the principle 

of  conservation  of  momentum  and  energy  the 

phenomenon  must  take  place  in  the  electromagnetic 

field of the electron or atom nucleus. The probability of 

pair production is proportional to Z2 of the absorbent. 

[Hrynkiewicz 2001]
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Fig. 1.2 The scheme of  
photoelectric effect.

Fig. 1.3 The scheme of  
Compton effect.

Fig. 1.4 The mechanism of  
pair (electron position) 
production.



1.1.4 Radiation interaction with living matter

The interaction of radiation with living matter  with the response to exposure 

could be divided into four distinct stages: 

1. the physical stage: ionisations, excitations and deexcitations of absorbent atoms, 

2. the chemical stage: from the interaction with free radicals, enzymatic reactions,

3. the  early  biological  stage:  DNA  repair,  the  cellular  response  to  radiation 

exposure, which can lead to cell death.

4. the late biological stage: the occurrence of cancer and mutations that can be 

passed onto future generations. 

Before consideration of radiation interaction in living cells the basic phenomena 

occurring at the molecular level should be reiterated. [Hrynkiewicz 2001]

Taking into consideration the interaction of ionising radiation with biological systems, 

certain physical and radiobiological radiation quantities and units must be defined. The 

ionising radiation energy absorbed per unit mass of absorbing material is defined as a 

absorbed dose (sometimes referred to simply as 'dose'). The unit of absorbed dose is the 

Gray [Gy] which is equal to J/kg. In a micro–dosimetric approach, where the very small 

mass is difficult to estimate, the absorbed dose is referred to as the specific energy.

Linear Energy Transfer (LET) is defined as the energy transferred to the material of a 

absorbent, per unit length of the track of an ionising particle within the medium, which 

can be measured by the density of ionisation.  The Relative Biological Effectiveness 

(RBE) increases with the increasing LET of the radiation. An increase in the density of 

ionisations in DNA leads to an increase in the level of damage leading to cell death 

decreasing the survival fraction.

1.1.4.1 Radiation interaction with living matter on molecular level

Ionisations, excitations and deexcitations could lead to molecular changes such 

as bond breaking or new bond formation.  Damage can be caused either  directly by 

radiation or indirectly by knocking electrons (delta electrons), emitted photons or the 

generation of free radicals. It was reported that just 0.5% of DNA irradiated by gamma 

rays in solution is damaged directly by radiation and the 99.5% indirectly because of 

water radiolysis products [Sonntag 2006 ]. 
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An ionised water molecule (1) reacts with a non–ionised one and a hydroxide radical is 

formed (2). The ionised water molecule bonds to a free electron to form an excited state 

water molecule, (3) which disintegrates to the hydrogen radical and the hydroxyl radical 

(4). The hydrogen radical reacts with oxygen and creates an unstable peroxide hydroxyl 

radical (5). This reacts with a second peroxide hydroxyl radical (6) or with a hydrogen 

radical (7) leading to the production of hydrogen peroxide, which can cause oxidative 

damage to biological molecules. [Sonntag 2006]

(1) H2O   H2O+ + e–                      

(2) H2O+  + H2O   H+
aq + OH•               

(3) H2O+ + e–  H2O*                        

(4) H2O*  H• +  OH•                                         

(5) H• + Ο2   HO2•                                            

(6) 2HO2
 •  H2O2

  + O2                               

(7) HO2•  +  H•    H2O2     

The molecular damage caused either directly or indirectly by these processes are 

the same. Lipid peroxidation is a possible consequence of the radiation exposure. Lipid 

radiation  damage  can  lead  to  inflammation,  which  has  serious  complications  post–

radiotherapy. The inflammation is caused by the intrusion of the cytoplasm through the 

lipid membrane to the extracellular matrix. Protein degradation can also occur resulting 

in: 1) the breakdown of secondary, tertiary and quaternary structure, 2) the creation of 

cross–links and 3) the breaking of covalent bonds at the primary structural level. DNA 

is particularly sensitive to the effects of radiation exposure [Prise 2005, O'Neill 2009]. 

A damaged lipid or protein molecule is easily replaced, whereas damaged DNA must be 

repaired.  Ionising  radiation  can  cause  various  types  of  DNA damage:  DNA strand 

cross–links,  DNA–protein  cross–links,  Single  Strand  Breaks  (SSBs),  base  damage, 

sugar damage and the most dangerous form namely the DSBs  [Ugenskiene 2007]. In 

eukaryotes DSBs are critical lesions that can lead to cell death. The yield of DSBs per 

Gy (unit of absorbed dose) determines the biological effectiveness of different radiation 

qualities [Ugenskiene 2007]. A number of repair enzymes exist in each cell constantly 

monitoring  the  state  of  the  genetic  material  and  repairing  damage  [Branzei  2008]. 

However, the broken DNA molecule is not always repaired correctly. Along with the 
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increasing level of damage appearance (proportional to the radiation dose received) the 

probability of failure fixation, or incorrect repair process is higher [Hrynkiewcz 2001]. 

The minimum number of lesions leading to cell  death might be calculated,  but it  is 

impossible to determine a threshold dose below which the DNA damage is correctly 

fixed.  This  is  essential  in  establishing  a  criterion  for  risk  assessment  of  low  dose 

interactions in cells. 

1.1.4.2  Radiation interaction in living matter on cellular level

Unrepaired  or  incorrectly  repaired  DNA  damage  may  result  in  malignant 

transformation  or  cellular  death  [Wouters  2009].  There  are  two types  of  radiation–

induced death: the mitotic death and interphase death: apoptosis or necrosis. 

Mitotic death, also called mitotic catastrophe, takes place when a fatally damaged cell 

may not die until the next mitosis, at which point damage to the DNA becomes evident 

in the form of fragmentation of chromosomes. Due to a loss of a significant part of the 

genetic information proliferation is no longer possible [Castedo 2004].

A seriously damaged cell, which cannot repair the DNA damage, dies regardless of the 

phase of the cell cycle. Necrosis caused by irradiation is an instant process. Usually it is 

associated with serious damage to the cellular membrane. The culture medium will flow 

through the damaged cell  membrane and into the cytoplasm and the cell  swells  and 

bursts  releasing cellular  contents  into the extracellular  space.  Not  all  of  the cellular 

proteins  are  recognised  by  the  immune  system,  which  results  in  the  inflammation 

response.  Inflammation is a serious consequence of radiotheraphy. [Taylor 2008]

Apoptosis is programmed cell death. All kinds of cellular components: nucleic acids, 

lipids and proteins are involved in this process. Production of mechanisms to prevent 

this type of cell death depends on the cell genotype and is typical for the cancer cells. 

Apoptosis is used by the multicellular organisms to dispose of unwanted cells  [Kerr  

1972, Wyllie 1980]. Several types of apoptotic pathways exist. In one pathway cysteine–

aspartic proteases, known as caspases, are activated. Intrinsically a caspase 9–mediated 

and extrinsically caspase 8–mediated are activated. This ultimately activates a set of 

effector enzymes: caspase 3 and and caspase 7 in the cytoplasm which cleave major 

cellular proteins. The apoptotic pathway could be also Caspase–independent in which 

apoptosis–inducing  factor  (AIF)  from the  mitochondria  migrates  to  the  nucleus  and 
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binds to the DNA. All pathways lead to blebbing, cell shrinkage, nuclear fragmentation, 

chromatin condensation, chromosomal fragmentation and formation of apoptotic bodies 

– sealed membrane vesicles. [Okada 2008, Wouters 2009, Lockshin 2004, Taylor 2008]

1.2 Introduction to the Biospectroscopy 

Nowadays, very often, biochemical methods are used to detect radiation damage. 

However, these methods may affect the biological samples leading to changes in their 

structure due to chemical substances and complex preparation procedures. Moreover, 

most of the biochemical methods are not intended to study the effect at the single cell 

level. Therefore, the importance of the application of various complementary techniques 

is  evident.  SR–FTIR  and  Raman  microspectroscopies  are  well  known  for  their 

uniqueness as a non–destructive tools used for the identification of vibrational structure 

in biological materials.

Optimisation of these molecular spectroscopic methods to study radiation damage in 

single cells will allow the fast, simultaneous detection of lipids, protein and nucleic acid 

damage at the molecular level. The measurements enable the detection of various types 

of DNA damage, which is correlated to the types, energies and doses of radiation.

The physical fundamentals of all Raman techniques applied in ths study: Raman 

microspectroscopy, Surface Enhanced Raman Scattering (SERS), Tip Enhanced Raman 

Scattering (TERS) and Infrared Spectroscopy are explained below.

1.2.1 Raman Scattering

Light scatters into an optical medium heterogeneously [Tyndall 1968, Rayleigh 

1871]. Molecular light scattering was first described by Lord Rayleigh [Rayleigh 1899]  

and then Einstein  [Einstein 1910].  Lord Rayleigh, in studying the colour of the sky, 

proved that the intensity of light scattered from molecules (I
S
) is proportional to the 

incident light intensity I
I 
and inversely proportional to the fourth power of wavelength λ 

(1.5). 

IS   ~ II/λ4                             (1.5)
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Rayleigh scattering is an elastic process, the energy of light is conserved.

Quantum  mechanics  explains  that  Rayleigh  scattering  results  from  photon 

absorption by a molecule and the emission of the photon at exactly the same energy in a 

random direction E = hν0  (Fig. 1.5).

 In general, a case exists for another type of scattering, which is not elastic and 

where the incident light wavelength changes ΔE=hν0 – hνS or hν0 + hνS  (Fig. 1.5) and is 

characteristic for the dispersion medium. The scattered photon frequency is equal to 

ν0  – νS or ν0 + νS for Stokes and Anti–Stokes scattering, respectively. The phenomenon 

of inelastic scattering was described by Raman and Krishnan (1928) in the solid state 

and by Landsberg and Mandelstam (1928) in crystals. Elastic and inelastic scattered 

photons could be observed in spectra (Fig. 1.5).

In  1934  Placzek  explained  the  Raman  scattering  using  the  theory  of  changing 

polarisability.  Placzek’s  polarisability  theory,  the  non–resonant  Raman  intensity 

associated with vibrational mode Qi, is defining by the Raman scattering activity:

S i= g i [45  ' i
27  ' i

2]                  (1.6)    

and also by the depolarisation ratio:

i=
3 ' i

2

[45 ' i
24  ' i

2]                     (1.7)

where   is  degeneracy of  normal  mode  Qi,  and     and    are  the  derivatives  of 

isotropic and anisotropic invariants of Raman tensor defined respectively by (1.8) and 

(1.9): 

                    (1.8)

and

 (1.9)

In equation (1.8) and (1.9) αij are components of the Raman tensor.
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Raman scattering is  a very weak process,  just  one per 106–1012 photons are 

scattered in this way. Raman spectroscopy of biological specimens is extremely difficult 

because of the poor Raman cross–sections for many biological molecules and their lack 

of symmetry. Additionally biological samples are very sensitive to temperature changes 

and fluorescence activity.

Effective  Raman  cross  section  could  be  described  in  terms  of  the  molecule  dipole 

momentum (µ)  induced by the  electromagnetic  field  (EL)  of  the  laser  radiation  and 

molecule polarisability (α),  

µ (ω) = α EL (ω)            (1.10)

where  ω is the light incidence. 

However, it is possible to increase the Raman cross–section by making use of localised 
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Fig. 1.5 The Jablonski diagram representing the anti–Stokes and Stokes scatter from the molecule in  
terms of transitions between energy states of the molecule and the corresponding Raman spectrum. The  
intensity  of  the  scattered  radiation  is  represented  by  the  amplitude  of  the  lines.  The  centre  line 
represents the position of the Rayleigh scatter of the excitation laser and by convention is set to zero  
such that the spectrum represents the shift from the incident radiation, with Stokes frequencies being 
positive by convention.



electromagnetic fields generated by the interaction of laser light with metal particles or 

by chemical adsorption of the molecule onto a metal surface leading to new charge–

transfer  electronic  transitions.  These  properties  are  utilised  in  techniques  of  Surface 

Enhanced Raman Scattering (SERS) and Tip Enhanced Raman Scattering (TERS).

1.2.2 SERS

In  1974,  Fleischmann  observed  unusually  strong  Raman  signals  of  pyridine 

molecules adsorbed onto a roughened silver electrode [Fleischmann 1974]. Three years 

later Creighton and Van Duyne published independently that the intensity enhancement 

originated from the roughened silver surface [Albrecht 1977, Jeanmaire 1977]. Typical 

SERS enhancement  factors  are  (102–106)  [Fleischmann 1974, Kneipp 1996, Kneipp 

1997, Kneipp 1999, Nie 1997], allowing studies of samples at very low concentration.

The  physical  phenomenon  of  the  enhancement  is  not  fully  understood.  It  is 

currently assumed that the increase of the cross–section of Raman Scattering is caused 

by either the plasmon resonance or so called chemical enhancement  [Lombardi 2008,  

Morton 2009]. 

Chemical enhancement

In chemical enhancement a significant increase of the molecule polarisability  

is brought about by the adsorption of the chemical onto the metal surface resulting in 

charge transfer and electron–hole pair creation [Otto 1984].

The mechanism of electron transfer assumes a chemi–sorption process of the molecule 

with the metal surface resulting in the appearance of a new excited state, which comes 

into resonance with the excitation laser line like in resonant Raman scattering. Albrecht 

proposed a model to characterise resonant Raman scattering using the charge–transfer 

model [Albrecht 1977]. In this model the Fermi level is located between populated and 

unfilled molecular orbitals, allowing for electron tunnelling. This process leads to the 

formation  of  new  excited  states,  that  exhibit  a  much  larger  effective  Raman  cross 

section for the molecule absorbed onto the metal surface [Kneipp 1999]. The electron is 

transferred from the Fermi level of metal to unfilled molecular orbitals of the sample or 

from populated molecular orbitals of the sample to the Fermi level of metal.
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Electromagnetic enhancement

The  electrons  are  not  localised  evenly  on  the  irregularly  shaped  metallic 

structure.  The field  strength  at  the  tip  of  the metal  nano–structures  goes  to  infinity 

[Moskovits 1985]. Collective movement of electrons located on the metal roughened 

nanostructure stimulated by the incident light called plasmon resonance can modify the 

electromagnetic  field,  which  surrounds  it.  The  electromagnetic  enhancement  is 

explained by a higher value of electromagnetic radiation (both incident and scattered). 

The scattered light IR might be described by:

IR ~ α(ER(r, ωS))              (1.11)

where ER(r, ωS) is the total field strength associated with the sample molecule and α is 

the molecule polarisability. The total field strength is a sum of external electromagnetic 

field interacting with the sample and the electromagnetic field, which is emitted by the 

nanostructure. The energy of dipole – laser light interaction is low, so the influence of 

external electromagnetic field is quite small in comparison to the electromagnetic field, 

which  is  emitted  by  the  nanostructure  and  enhances  the  Raman  cross  section. 

Additionally,  because  of  plasmon  resonance,  motions  for  which  the  incident  and 

scattered light is perpendicular to the metal surface are enhanced more strongly than 

motions  for which the incident and scattered light  is  not perpendicular  to the metal 

surface.

1.2.3 TERS

A metal nanostructure can be deposited on the apex of an AFM tip, enhancing 

the Raman scattering cross–section from the small amount of sample located close to 

the  tip.  The  physical  phenomenon  of  enhancement  was  discussed  earlier  when 

explaining the SERS effect. Using TERS the area of interest can be probed to a spatial 

relsoution of less than 20 nm [Chan 2011, Stadler 2010]. The origin of this phenomena 

can be explained by near–field optics. An evanescent wave that occurs close to small 

objects is a standing wave, which exponentially decays in space. It can be probed by a 

tip – nano–antenna, by converting the standing wave into a propagating wave detectable 

in the far–field. The nanostructure size and shape, the electric properties of the material 

and  the  illumination  geometry  with  the  type  of  incident  laser  light  polarisation  all 
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influence the enhancement factor. [Bailo 2008, Groot 2001, Chan 2010, Chan 2011,  

Novotny 1997] 

1.2.4 Infrared absorption

The  energy  of  phonon  excitations  and  vibrations  as  well  as  oscillations  of 

functional groups in molecules correspond to the energy in  the infrared region of the 

electromagnetic radiation spectrum. For this reason, infrared radiation can be absorbed 

by a sample. The transition moment Rv of the molecule is given by:

R=∫ nm dx                            (1.12)

where:

n – the wavefunction of the n state,

  – the electric dipole moment operator,

m  – the wavefunction of the m state,

 can be approximated using Taylor expansion:

=0∂ 
∂ x

x ∂
∂ x

 x2...                              (1.13)

where:

μ0  – molecule dipole momentum  in the equilibrium state ,

Insertion of equation (1.13) to equation (1.12) gives:

R=∫nm dx∂ 
∂ x

∫n xm dx...        (1.14)

The molecule can not exist in the same energetic state at once ( ∫nm dx=0 ) 

which reduces the equation (1.14) to :

R= ∂
∂ x

∫n xm dx...                                  (1.15)

and  indicates  that   IR  absorption  changes  the  dipole  moment  of  the  molecule

 ∂
∂ x

≠ 0 .

According to the Beer–Lambert Law the absorption intensity (IA) is proportional to 
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molar  concentration  of  the  sample  (c)  and  the  optical  path  (l)  through  the  molar 

extinction coefficient (ε)

IA =  εlc                                  (1.16)

The shape of the absorption spectrum depends on the molecular dipole moment 

and  the  symmetry  of  the  molecular  system (wavefunctions).  So  it  depends  on  the 

number  of  energy  levels,  their  energy  values  along  with  electron  filled  shells  and 

degeneracy of the states. 

1.2.5 Molecular vibrations

There are two types of molecular vibrations:

• stretching (ν) – changes in bond length,  in–phase symmetric (νsym) and out of 

phase asymmetric (νasym),

• deformational motions (def.) and bending (δ) – changes in bond angle, they 

might be held in plane as a scissoring (δS) and rocking (δr) or out–of–plane like 

twisting (δt), wagging (δw) and torsion (χ).

1.2.6 Multivariate statistical analysis

Molecular  spectroscopy  techniques  can  provide  vast  amounts  of  data. 

Additionally,  dealing  with  biological  samples  requires  a  large  sample  numbers  for 

statistical  analysis.  To  extract  the  most  important  variables  in  the  data  matrix 

multivariate  data  analysis  can  be  utilised.  This  enables  the  reduction  of 

multidimensional data and thus extraction of information underlying the similarity and 

the variability of collected data, which can then be interpreted. In this study two kinds 

of multivariate data analysis were applied: Hierarchical Cluster Analysis and Principal 

Component Analysis. [Stanisz 2007]

1.2.6.1 UHCA

Unsupervised  Hierarchical  Cluster  Analysis  is  an  unsupervised  clustering 

algorithm  designed  to  produce  false  colour  maps  based  on  spectral  similarity  and 

dissimilarity. In this study the k–means algorithm which works by dividing the data in 
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clusters based on specal simmilarity. During the first step the location of the centroids of 

the clusters is randomly chosen. Then the distance between each spectrum and centroid 

is calculated using a Euclidean distance measure. Based on the results, the new centroid 

location is appointed to minimise the intra–group variance.  This step is repeated until 

the variance achieves the desired level of confidence. [Stanisz 2007]

In this  thesis the k–means HCA was applied to the Raman data collected by 

multidimensional confocal imaging of single isolated cellular nuclei. 

1.2.6.2 PCA

The  application  of  Principal  Components  Analysis  (PCA)  allows  for  the 

reduction of data, resolution of subtle differences in the spectra and the detection sub–

groupings  within  the  data.  The  investigated  objects  are  placed  in  the  space  of  new 

orthogonal  variables  –  Principal  Components  (PC).  The  new  variables  are  linear 

combinations of the investigated objects. The most important results are Scores Plots 

and Loadings Factors.

• The Scores Plots represent the spectra in multidimensional space

– Can be used to detect sample patterns and group them accordingly

– Separates the data into their principal components

• Loadings Plots show, which variables in the data set are responsible for the 

greatest degree of separation

• Each PC has an explained variance 

– Explained variance decreases with the increasing PC number:

PC–1>PC–2>PC–3>PC–4>PC–5>PC–6…etc

The basic equation of PCA is a linear transformation (1.17):

X = A Z                       (1.17)

where:

X –  the matrix of observable objects (absorbance, Raman signal),

A –  an orthogonal transformation  matrix,
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Z –  the matrix of  new variables PC.

The Z variance should be maximalised under the normalisation condition ∑
i=1

aij=1

After the mathematical transformation the solution of the problem boils down to the 

diagonalisation of  covariance matrix S of X variables 

(S – λ 1) = 0                      (1.18)

The resulting eigen values of S matrix are sorted in descending order and are interpreted 

as variations of new variables.  [Stanisz 2007]

In the presented thesis PCA was applied both to spectra of control cells and cells 

treated by various kind of radiation with the aim to determine the general clustering 

between data and to detect bands responsible for the general clustering, associated with 

functional groups of biomolecules sensitive to radiation. 

1.2.7 Dealing with the baseline

Usually  a  host  of  factors  can  influence  the  background  in  SR–FTIR 

measurements. The scattering of IR especially by dispersion and/or Mie scattering (Mie 

scattering is  the  electromagnetic plane wave scattering by a homogeneous,  isotropic 

sphere  [Stratton  1941]),  affects  the  spectral  shape  additionally also  the  peak  shifts. 

Those effects obscure the information about chemical vibrations. In many cases it is not 

possible  to  remove  these  physical  effects  but  by  the  application  of  mathematical 

algorithms the spectral shape can be improved. 

The basic model: multiplicative scattering correction (1.19) can be applied or the data 

may be improved using the extended multiplicative scattering correction  (1.20). 

Z Raw=ch Z Ref                            (1.19)

where:

Z Raw –   raw spectrum,

Z Ref –  reference spectrum,

  c – an offset,

  h – multiplication factor:
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Z Raw=cmh Z Ref E                     (1.20)

where additionally:

m  – a slope (  – gradient of the sloping baseline, m – constant value of slope),

E – the unmodelled residual energy.

These models are applied prior to multivariate data pre–processing method and linear 

statistical regression modelling. The correction is done by taking a reference spectrum 

Z Ref  which can be the mean spectrum of the sample data set or a spectrum with 

similar spectral features. The algorithm takes the reference spectrum and attempts to 

recreate the raw spectrum Z Raw  by adding an offset c, a slope m  and amplifying 

the reference by multiplication h. These contributions can be summarised algebraically. 

By finding the values of c, m and h using a least squares linear regression method, the 

spectra can be corrected.

There are many reports on the effect of Mie scattering and dispersion on FTIR 

spectra  of  single  cells  [Kohler  2008,  Bassan  2009a,  Bassan  2010,  Lipiec  2013]. 

Especially in  fixed  cells  because of  spherical  shape  of  cells  and organelles  and the 

differences in refractive indexes of the cell and air. In 1957, Van de Hulst published an 

approximation equation for the Mie scattering efficiency, Q, which is a simpler and less 

computationally intensive version of the original theory published in 1908 by Mie. The 

approximation is presented below:

Q=2− 4


sin 4
2 1−cos                                    (1.21)

In above formula =
2d n−1


,  n and  d denote  the ratio  of  the  real  refractive 

indexes of a particle and the surrounding medium, and d is the diameter of the scattering 

particle, respectively. 

The Q curve is nonlinear function which can be can be approximated by Bassan et al.  

using a multivariate bilinear model. The model is developed by a choosing 200 values 

of α (α  = 2d n−1 ) to cover the whole range of  d (2 μm – 25 μm) and n (1.1 – 

1.5) generating of 200 Q curves and then by an application of Principal Component 
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Analysis  to  reduce the  number  of  created  data.  Based on  these  approximations  the 

extended multiplicative scattering correction could be improved by adding  a  factor: 

∑
i=1

6

g i pi associated with the 6 first loadings controlled by the g parameters. This 

model (1.16) called  Mie scattering EMSC correction was developed by Kohler  et al.  

[Kohler 2008]. 

Z Raw=cmh Z Ref ∑
i=1

6

g i p iE                         (1.22)

In later  publication,  the Mie scattering EMSC correction was improved by  a choice 

1000 values of α and taking into consideration 7 first loadings (Resonant Mie scattering 

correction (1.21)) [Bassan 2009a].  The main advantage of the Resonant Mie scattering 

correction is taking into account the refractive index dependency on wavelength.

Z Raw=cmh Z Ref ∑
i=1

7

g i p iE                         (1.23)

To generate the real, wavelength dependent refractive index parameters the Kremes–

Kronig transformation was applied (1.24):

nkk~P∫ s x k 
s2−2 ds                              (1.24)

where:

  n kk  is the real refractive index spectrum minus the average real refractive index,

k  is the imaginary part of the refractive index,

  P – is the Cauchy Principal value of improper integrals.

The Resonant Mie scattering EMSC correction was applied to correct the data presented 

by the author. The example of the correction application is presented in Fig. 1.6. The 

calculations  were performed in  Matlab  software  by an  application  of  the  algorithm 

written by Paul Bassan. [Bassan 2009a,  Bassan 2009b, Bassan 2010]
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1.2.8  An  application  of  SR–FTIR  microspectroscopy  and  the  Raman  

microspectroscopy in radiation research

SR–FTIR microspectroscopy and the Raman microspectroscopy have become 

potential analytical method in single cells studies [Hamada 2008, Yao 2009, Xie 2002] 

on a molecular level. A growing amount of literature data demonstrates their usefulness 

in studies of the conformational aspects of lipids, nucleic acids and other biomolecules. 

It is known that both methods are sensitive tools that can be applied to DNA damage 

study at chemical bond level [Hamada 2008, Yao 2009, Xie 2002, Dovbeshko 2000,  

Pijanka 2009, Whelan 2011]. FTIR microspectroscopy is useful for cellular membrane 

damage investigation [Drobnis 1993].

The application of SR–FTIR and Raman microspectroscopy to DNA damage study 

in single cells is a new research area. However, early applications of IR and Raman 

spectroscopy in radiobiology have been reported.  Dose dependent changes of model 

membranes exposed to γ–rays were studied using Raman spectroscopy by Verma et al. 

Radiation induced decreases in phospholipid unsaturation and increases in their  trans–

configurations  in  dipalmitoyl  lecithin  and  polyunsaturated  liposomes  were  observed 
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Fig. 1.6 The IR spectrum of single fixed PC–3 cell before (red) and after (blue) 
RMieEMSC  correction.
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based  on  the  calculation  of  ratios  of  the  C–C  trans  vibration  at  1064 cm–1 and  its 

vibration at 1090 cm–1, together with ratios of the cis C=C stretching vibration at 1660 

cm–1  and C–H deformation vibration at 1440 cm–1 [Verma 1986, Verma 1990,  Verma 

1991].  These  results were  confirmed  by  Sailer  et  al. studying peroxidation  in  a 

phospholipid and membrane model system. Additionally the reduced mobility of lipid 

chains was observed [Sailer 1997].

The radiation damage of nucleic acids were studied by a few independent groups 

[Sailer  1996,  Dovbeshko  2000,  Synytsya  2004,  Synytsya  2007].  Sailer  et  al. using 

Raman spectroscopy, observed in calf thymus DNA exposed to γ–radiation (with doses 

from 0 to 40 kGy) strand breaks, base damage, base–unstacking, pre-melting effects, 

and disordering of the backbone in the B–DNA form. These results were confirmed by 

Synytsya et al. Dovbesko et al. applied FTIR spectroscopy to describe dose dependent 

changes  in  DNA isolated  from low–dose gamma–irradiated  epididymis  cells  of  rats 

from the Chernobyl accident zone. The damage in the primary, secondary and tertiary 

structure of nucleic  acid was investigated,  which was correlated to modifications of 

bases and sugars [Dovbeshko 2000].

Structural changes in secondary structure in protein have been studied  [Verma 1993]. 

Radiation exposure affects the spectral regions assigned to the Amide I, Amide III and 

side chain amino acid groups. The tyrosine and cysteine side groups were identified as 

being particularly radiosensitive [Verma 1993]. Raman spectroscopy was also applied to 

investigate  the  effects  of  radiotherapeutically  irradiated  (gamma–radiation)  tissue 

specimens [Lakshmi 2002] and in vitro proton irradiation of excised tissues [Synytsya 

2004]. The sensitivity of FTIR spectroscopy was proven by Gault  et al. by detecting 

molecular changes during apoptosis in gamma irradiated lymphocytes. The researchers 

observed shifts  in  phosphodiester  bands  and the band assigned to  the base stacking 

mode after radiation exposure [Gault 2003].

Studies on radiation damaged normal human skin cells (HaCaT) were performed 

by a group from the School of Physics and Radiation and Environmental Science Centre 

and Dublin Institute of Technology. Cells were irradiated by gamma rays applied in 

doses ranging from 0 Gy to 5 Gy. One of the most interesting results form this work was 

the discovery of a correlation between the variation of spectral peak ratios and various 
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aspects  of  the  physiology of  the  cell  96  hours  after  irradiation  following  a  linear–

quadratic model. The variation in nucleic acid phosphodiester stretching vibrations was 

also studied. The results show that the vibrational intensity of phosphodiester stretching 

motion at 96 hours after irradiation varies in accordance with the Induced Repair (IR). 

[Meade 2010a, Meade 2010b]

The next chapters describe the results from radiation studies performed on cells, 

isolated  nuclei  and  plasmid  DNA  and  monitored  with  vibrational  spectroscopic 

techniques.
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Chapter II

Experimental introduction
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        2.1 Nucleic acid components under SR–FTIR and Raman microscopies 

Cells are very complex molecular systems and consequently their Raman and IR 

spectra are rich in bands from the main cellular components: proteins, lipids and nucleic 

acids. To achieve the central aim of the thesis, namely to investigate radiation induced 

damage in DNA and nucleic acids in single cells, spectra of the basic macromolecules 

and their components were investigated. Fig. 2.1 shows ATR–FTIR spectra of thymine, 

uracil, guanine, adenine, adenosine, DNA and RNA (SIGMA Aldrich) compared with 

SR–FTIR  spectra  of  cellular  nuclei  and  single,  living  cells  (COLO–679  cell  line). 

Fig.  2.2  shows  the  analogous  Raman  spectra.  The  following  sections  outline  the 

methodologies used to record these spectra and details the important band assignments 

that underpin this research.

2.1.1 Materials and methods

2.1.1.1 FTIR spectroscopy measurement and data processing

ATR–FTIR  (Attenuated  Total  Reflection)  spectra  of  nucleic  acids  and  their 

components were collected using a Bruker IFS 55 Equinox FTIR microscope system 

fitted with a Golden GateTM single bounce diamond Micro–ATR with the diamond top 

plate option. Spectra were recorded in the range of 4000 cm–1  – 600 cm–1.  For each 

spectrum 64 scans were co–added with a spectral resolution of 4 cm–1.

Spectra were processed in  Opus 6.5 software.  Extended ATR correction (number of 

ATR reflections: 1, ATR angle of incidence: 45º mean refraction index of the sample: 

1.5). Then each spectrum was smoothed (number of smoothing points: 9) and baseline 

of each spectrum was corrected (rubber–band correction with 16 baseline points and 2– 

4 iterations).

2.1.1.2 Raman spectroscopy measurement and data processing

For comparison the  samples  were  investigated  by Raman microspectroscopy. 

Single  channel  Raman  spectra  were  recorded  using  a  WiTec  Confocal  Raman 

Microscope alpha–300 R equipped with Nd–Yag 532 nm (green)  laser  with a  CCD 
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camera cooled to –60 ºC in the range of 3700 cm–1 – 200 cm–1 and incorporating a 50x 

Zeiss  objective.  The  acquisition  time was 5–20 second per  spectrum,  depending on 

quality, and the spectral resolution was 2 cm–1. 

Raman spectra were also processed using Opus 6.5 software, which included smoothing 

(number  of  smoothing  points:  13)  and  baseline  correction  (rubber–band  correction, 

number of baseline points: 16, number of iterations 2–4). 

2.1.1.3 Single  cells  and nuclei  SR–FTIR spectroscopy measurement and  

data processing

Isolated cellular nuclei and COLO–679 living cells were measured using the IR 

microspectroscopy beamline at  the Australian Synchrotron. The procedure of sample 

preparation is described in detail in Chapter: 4.2. The SR–FTIR spectra were taken in 

transmission  mode  at  a  spectral  resolution  of  4 cm–1 in  the  spectral  range  of 

4500 cm–1 – 800 cm–1 with 64 interferograms co–added. The spectrum of each cell and 

nucleus was collected with an aperture of 11 μm x 11 μm. The spectra presented in Fig. 

2.1 are averaged from 100 for cells and 80 for nucleus. 

The  spectral  procession  was  performed  in  Opus  6.5 software  and  included 

smoothing  with  13 smoothing points  and  baseline correction  using  the  rubber–band 

algorithm with 16 baseline points (8–9 iterations).

2.1.1.4 Single cells and nuclei Raman spectroscopy measurement and data 

processing

Cells  and extracted nuclei  were  also investigated  using Raman spectroscopy. 

Living cells were seeded on aluminium coated (200 nm thickness) Petri dishes (35 mm 

diameter)  for  24  hours  prior  to  measurement.  Aluminium coated  Petri  dishes  were 

modified earlier by 15 minutes incubation in 0.01% Poly–L–lysine solution at  room 

temperature and then washed in deionised water. Aluminium coated Petri dishes make 

excellent substrates for Raman measurements because they are not Raman active and 

have high reflectivity. A confocal Raman Microscope alpha 300 R equipped with Nd–

Yag 532 nm laser and the 60x water immersion objective was used for measurements. 

The laser exposition time was set to 40 sec. and the spectral resolution 2 cm–1. 

28



The applied  spectral  procession  procedure  was  the  same  as  described  above 

(section 2.1.1.3). 

2.1.2 Results

Detailed FTIR and Raman band assignments  for  cells  and nuclei  spectra  are 

based on comparison with nucleic acids and their  nucleotides along with lipids and 

proteins. These assignments appear in Table 2.1 and Table 2.2, respectively. 

29

Fig. 2.1 The FTIR spectra of cells, cellular nuclei, nucleic acids and nucleotides.
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Table 2.1 FTIR band assignments for spectra of single cells, cellular nuclei, nucleic acids and their 
components [Mantsch 1996, Kotler 2008, Baynay 2003].

Wavenumber [cm –1] Assignment

1 2960 νsym(CH2)  carbohydrates, νasym(CH3) lipids

2 2930 νasym(CH2) carbohydrates, νasym(CH2) lipids,  sensitive to hydrocarbon chain 
conformation

3 2870 νsym(CH3) lipids 

4 2850 νsym(CH2) lipids,  sensitive to hydrocarbon chain conformation

5 1740 ν(C=O) lipids, sensitive to hydration and hydrogen bonding – decreasing 
frequency with hydration

6 1715 ν(C=O)  nucleic  acids:  G,  T,  C,  base–stacking  mode  sensitive  to  DNA 
conformation 

7 1695–1610 Amide I (predominantly ν(C=O)), sensitive to hydration

1690 turns and bands pleated sheets and β–turns from proteins

1670 turns and bends, resulting from anti–parallel

1650 α–helical structure

1640 random coil

              1660 β–pleated sheet structure

8 1550 Amide  II  (predominantly   δ(N–H)  coupled  to  ν(C–N)) sensitive  to 
hydration

9 1470 δ(CH2) lipids, sensitive to hydration

10 1450 δ(CH3) lipids

11 1412 δ(CH2) lipids, α–methylene, sensitive to conformation of the linkage to the 
glycerol, backbone

12 1300 Amide  III,  in  phase  combination  of  δs(N–H)  and  ν(C–N) and  δ(CH2) 
sensitive to secondary structure folding

13 1230 νsym(O–P–O) DNA backbone, sensitive to conformational changes

14 1172 νasym(O–P–O) A form RNA

15 1125 ν(P–O–C), ν(O–C), ν(C–C–O–C) ribose–DNA backbone

16 1086 νsym(O–P–O), DNA backbone, intensive of B to A transition

17 1060 ν(C–O) DNA backbone, νaym (O–P–O) A form RNA

18 1012 Furanose vibration, strongly enhanced in Z DNA
ν – stretching, νsym – symmetric stretching, νasym  – asymmetric stretching, δ – bending, δs– scissoring 
(in–plane bending), δr rocking (out–of–plane bending)
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Table 2.2 Raman spectral band assignments for single cells and isolated cellular nuclei.

Wavenumber [cm–1] Assignment

1 3060 ν(=CH) lipids [Schulz 2007]

2 3009 νasym(=C–H) lipids, fatty acids [Shetty 2006]

3 2965 νasym(CH3) [Shetty 2006]

4 2930 νasym(CH2) [Shetty 2006]

5 2886 νsym(CH3) [Shetty 2006]

6 2849 νsym(CH2) [Shetty 2006]

7 1657 ν(C=C)  Amide,  ν(C=O)  carbonyl [Malini  2006,  Kaminaka  2001,  
Kamianka 2002]

• collagen assignment [Frank 1995, Viehoever 2003]
• α–helix [Shetty 2006]

ν(C=C) cis, lipids, fatty acids [Shetty 2006, Krafft 2005]

8 1616 ν(C=C) phenylalanine,  tyrosine  [Notingher 2004] tryptophan (protein 
assignment) [Huang 2003]

9 1581 ν(C–C)  Pyrimidine  ring,  nucleic  acids  [Stone  2002,  Stone  2004,  
Naumann 1998] 
δ(C=C), phenylalanine [Huang 2003]

10 1508 ring–breathing modes in the DNA bases: A, C [Chan 2006]
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Fig 2.2 Raman spectra of cells, cellular nuclei, nucleic acids and nucleotides.
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11 1485 ring–breathing modes in the DNA purine bases G, A [Chan 2006, Stone 
2004]

12 1453 δ(CH2) [Kaminka 2002, Tan 2003, Lakshimi 2002, Malini 2006]
δ(CH2) in malignant tissues [Shafer–Peltier 2002]
def.(CH3) [Dukor 2002, Frank 1995]
def.(CH3) breast tissue [Frank 1995]
def.(C–H) lipids, amino acids side chains of the proteinsand 
carbohydrates) [Naumann 1998]

13 1420 δ(CH2) proteins, lipids [Lau 2003]

14 1375 δ(CH3) lipids [Kateinen 2007]

15 1335 δw(CH3), δw(CH2) collagen, nucleic acids [Huang 2003]

16 1301 δt(CH2), δw(CH2) lipids, fatty acids [Gniadecka 1997]
(α–helix) [Lakshimi 2002]

17 1255 νasym(O–P–O) originates from the phosphodiester groups of the nucleic 
acid backbone and is sensitive to conformation change [Cheng 2005] 

18 1178 C, G [Ruiz–Chica 2004]

19 1124 ν(C–C) skeletal of acyl backbone in lipid (trans–conformation) [Cheng 
2005], (C–N), proteins, ν(C–C) lipids and proteins [Huang 2003]

20 1097 νsym(O–P–O) DNA, [Chiriboga 1998, Chan 2006]

21 1056 νsym(O–P–O) RNA chain, ν(C–C) lipids, ν(C–O), ν(C–C) carbohydrates 
[Notingher 2004]
ν(C–C) skeletal [Huang 2005]

22 1001  (C–C)  phenylalanine,  collagen  assignment,  skeletal  motion  [Frank 
1995, Chan 2006, Cheng 2005]

23 855 (C–O–C) skeletal mode of polysaccharides, pectin [Shetty 2006]
Proline, tyrosine [Huang 2003]
ν(C–C), proline δt(CCH), ring breathing, tyrosine (protein assignment 
and polysaccharide) [Huang 2003]
δ(CCH) phenylalanine, olefinic (protein assignment and polysaccharide) 
[Kateinen 2007]

24 786 ν(O–P–O), cytosine, uracil, thymine [Stone 2004]
pyrimidine ring–breathing mode [Farguharson 2005]
(C'5–O–P–O–C'3) phosphodiester bands in DNA [ Notingher 2004]

25 748 T, ring–breathing mode of DNA/RNA bases [Chan 2006, Binoy 2004]
symmetric breathing of tryptophan (protein assignment) [Huang 2003, 
Stone 2002, Cheng 2005]

26 721 (C–N) membrane phospholipid head/nucleotide peak [Stone 2002]
Symmetric stretch vibration of choline group
ν(CH3), characteristic for phospholipids [Krafft 2005]
ring breathing mode of DNA/RNA bases, A [Chan 2006]
(C–S) proteins, δr(CH2 ) A [Stone 2004]

27 675 ring–breathing modes in the DNA bases G, T, tyrosine–G, backbone in 
RNA[Stone 2004]
ν(C–S) stretching mode of cystine (collagen type I) [Deng 2005]
ring–breathing modes in the DNA bases  [Chan 2006] 

ν – stretching, νsym – symmetric stretching, νasym  – asymmetric stretching, δ – bending, δs – scissoring (in  
plane bending), δr – rocking (out of plane bending),  δw – wagging, δt – twisting, def. –  deformation mode
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Fig. 2.1 and Fig. 2.2 and the corresponding Tables 2.1 and 2.2 show that FTIR 

and Raman spectroscopy can provide a wealth of information about the chemical bonds 

in  lipids,  proteins  and  nucleic  acids.  However,  analysis  of  nucleic  acids  especially 

following DNA radiation damage can be complicated because of strong absorptions 

from lipids and proteins. The DNA backbone gives a strong Raman and FTIR signal in 

spectral range 1260 cm–1 – 1050 cm–1, which is in the region that one would expect to 

observe  changes  resulting  from  single  and  double  strand  breaks  (SSB  and  DSB, 

respectively). It is expected that spectral changes resulting from base damage could be 

observed in  a  few spectral  regions  including:  1)  decrease  or  shift  in  the nucleotide 

conformational  band  at  ~720 cm–1 confirming  6–4  lesions,  2)  changes  in  bands 

associated with the nuclear base structures, which appear at ~1480 cm–1 and 1510 cm–1, 

3) changes in position of the base pairing vibrations between ~1720 cm–1 – 1650 cm–1 

where purine/pyrimidine dimers absorb and 4) changes in the base–stacking vibration 

between 1720 cm–1 – 1710 cm–1.  All radiation dependent changes will be described in 

detail in following paragraphs and Tables.

2.2  An  analysis  of  radiation  damage  in  DNA,  nucleotides  and  

adenosine

In this thesis the influence of ionising and non–ionising radiation on DNA is 

described at various levels including: cellular population, single cells, cellular nuclei 

along with nucleic acids and their derivatives. The approach was to build up from the 

level of the molecule to the cell investigating the effects of ionising radiation at each 

step  in  the  hope  of  gaining  a  systematic  understanding  of  the  molecular  changes 

associated with radiation exposure.

2.2.1 Methodology

The methodology of spectra collection and data processing was the same for all 

used DNA components: thymine, cytosine, guanine, adenine, adenosine and DNA. 
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2.2.1.1  Irradiation  of  DNA,  nucleotides  and adenosine  using the  proton  

microbeam 

The commercial  available  thymine,  guanine,  cytosine,  adenine and adenosine 

(SIGMA Aldrich) were irradiated with 2 MeV protons in water as a thin film on Mylar 

Foil (Goodfellow Cambridge Limited, Huntington, UK). The Cracow microbeam from 

the  Van  de  Graaff  accelerator  was  used  as  the  proton  source.  The  samples  were 

irradiated in raster mode with the beam step comparable to the beam diameter ~ 20μm. 

The beam current was set to 4000 protons per sec. Two different protons numbers per 

raster  step  were  applied:  400  and  4000  protons. After  irradiation  samples  were 

transferred to aluminium coated (80 nm) Petri dishes (35 nm diameter) and measured 

using the Raman microscope.

2.2.1.2 Raman spectra collection and their processing

The Raman system, configuration and data pre-processing is described in section 

2.1.1.2. In these experiments the spectra were vector normalised in the spectral range of 

1800 cm–1 – 250 cm–1 because of the sample variation in sample thickness. The reason 

of  this  variation  was  an  application  of  the  Single  Ion  Hit  Facility  (SHIF)  system 

(described in the chapter 4) as the proton source. This source is dedicated to single cell 

irradiation and very small amounts of sample material are required. Sample preparation 

for  Raman  microspectroscopy,  having  such  a  small  amounts  of  samples,  makes 

variation in sample thickness.

2.2.2 Radiation damage of thymine molecule

The  thymine  molecule  (Fig.  2.3)  when  exposed  to 

ionising radiation can change the molecular structure leading 

to various kinds of products, some of which are presented in 

Fig.  2.4.  Fig.  2.5  shows  spectra  of  control  and  proton 

irradiated thymine. All changes observed in the spectra are 

described  in  Table  2.3,  where  the  intensity  changes  are 

marked in black, the shifts in green and the appearance of 

new peaks are marked in red. 
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Fig. 2.3 Thymine.



The  effects  of  radiation  (γ–rays  and  carbon  ions)  damage  to  thymine  were 

studied by Pouget  et al. [Pouget 2002] using gas chromatography–mass spectrometry 

(GC/MS). The substances that were detected are presented in Fig. 2.4. In the current 

work thymine was treated with two doses of 2 MeV protons (400 and 4000 protons per 

rester step). The spectral changes associated with these substances were the result of 

changes  in  energy  of  ring  motions  and  changes  in  intensities  of  functional  group 

vibrations.
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Fig. 2.4 Products derived from T detected after interaction with free radicals, redrawn from 
[Sonntag 2006].



Fig. 2.5  A) Raman spectra of proton irradiated and untreated thymine, B) The spectra from A) expanded 
over smaller spectral ranges.
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Table 2.3 Sensitive to proton exposure band   assignments for irradiated and untreated T [Lyng 2007,  
Rastogi 2000, Rivas 2002]. The radiation dependent intensity changes are marked in black, the shifts in  
green and the appearance of new peaks in red.    

Wavenumber [cm–1] Assignment

1 2965 υsym(C–H) in CH3

2 2932 υsaym(CH3) 

3 2806 υsym(CH3)

4 1603 δ(N1–H), hydrogen bonded, hydrogen bonding marker 

5 1598–1603 υ(N–H)

6 1489–1491 υ(N1–C2)  δ(N1 H)  υ(ring)

7 1450 δs (CH3)

8 1409 δw(CH3), υ(C2–N3), υ(ring) δ(N–H)

9 1158 δr  CH3, υ(C4–N,C6–N),  δ(N1– H)

10 1034 υ(C–C) skeletal 

11 1006 C–C aromatic ring breathing 

12 744 υ(C4 –O),  υ(C2 –O), υ(ring)

13 618 δ(N3 –C4 =O), δ(C – O), δ(ring), υ(ring)

14 600 δ(N3 –C4 =O), δ(C – O), δ(ring)

15 480 δ(ring), δ(C–CH3), δ(C2=O), δ(ring)

ν – stretching, νsym – symmetric stretching, νasym  – asymmetric stretching, δ – bending, δs – scissoring (in  
plane bending), δr – rocking (out of plane bending),  δw – wagging, δt – twisting

It was anticipated that changes in thymine caused by proton exposure could be 

observed  using  Raman  microspectroscopy  and  provide  evidence  for  the  chemical 

structures presented in Fig. 2.4. The most important changes relate to the change in ring 

energy indicated by a shift in the band at 1489 cm–1 to 1491 cm–1 possibly indicating the 

appearance of  one or more of  the following Thy glycol  (1),  5–hydroxy5,6Dihydro–

thymine (2), 5,6–Dihydrothymine (3). The intensity changes in the methyl/methylene 

stretching region 3100 cm–1 – 2850 cm–1 result from the methyl group replacement by –

CH2OH or –CHO corresponding to 5–Hydroksymethyl–uracyl (4) and 5–Formyl–uracyl 

(5),  respectively.  The  appearance  of  peak  at  1603 cm–1 is  associated  with  hydrogen 

bonding interaction between the thymine molecules,  [Miura 1995]  which may be the 

first step in the thymine dimer formation.  The appearance of peaks at 1006 cm–1 and 

1034 cm–1 are most likely the result of dimer formation [Caswell 2004]. Caswell et al. 

reported that the cyclobutane ring gives rise to a Raman peak around 1000 cm–1 in just 

the thymine dimer spectrum and not in thymine monomer spectrum. 

37



2.2.3 Radiation damage of cytosine molecule

The cytosine (C) molecule (Fig. 2.6), like other bases 

exposed to ionising radiation,  could be damaged via several 

molecular  pathways.  The  possible  range  of  products  are 

presented in Fig. 2.7. The Raman spectra of control and proton 

irradiated cytosine are presented in Fig. 2.8. Spectral changes 

observed in the spectra are described in Table 2.4. 

Table 2.4 Raman band (intensity sensitive to proton exposure) assignments for irradiated and untreated 
cytosine, the appearance of new peak is marked by red [Cho 2008].

Wavenumber [cm–1] Assignment

1 3106 υsym(HC=CH), υsym(OHC=CH) 

2 1652 def. ring (str C4–C5), δs (NH2 )

3 1533 δs(NH2),  ν(C4–NH2)

4 600 def.(C2–N3–C4) ring

5 442 δ
w 

(C–H), δ
w 

(N8–H10)

ν – stretching, ν sym – symmetric stretching, ν asym  – asymmetric stretching, δ – bending, δs – scissoring (in  
plane bending), δr – rocking (out of plane bending),  δw – wagging, δt – twisting
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Fig. 2.6 Cytosine.

Fig. 2.7 Products derived from cytosine detected after interaction with ionising radiation, redrawn from 
[Sonntag 2006].



Fig. 2.8 A) The Raman spectra of proton irradiated and untreated cytosine, B) The spectra from A) 
expanded into smaller spectral ranges.
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Cytosine  radiation  damage  has  previously  been  studied  with  other  methods: 

Nuclear  Magnetic  Resonance  (NMR)  spectroscopy,  gas  chromatography–mass 

spectrometry [England 1998]. In this study the spectra were collected to confirm what 

kind  of  molecules  could  be  detected  using  Raman  spectroscopy.  The  results  are 

presented  in  Table  2.  4.  The  increase  in  peak  intensity at  3106 cm–1  and 1533 cm–1 

indicates either H or OH combine with the cytosine molecule to form 5–Hydroksy–

uracyl (4), Ura glycol (5) or Cyt glycol (1). The appearance of the peak assigned to the 

(C2–N3–C4) deformation at 600 cm–1 after irradiation with 4000 protons is associated 

with cleavage of a double bond between (N3=C4) which could lead to the formation 5–

Hydroksy–5,6–dihydrouracyl  (2),  5–Hydroksy–uracyl  (4),  Ura  glycol  (5),  5,6–

Dihydroxyuracil (6) or formation cytosine dimers [Caswell 2004]. 

2.2.4 Radiation damage of guanine molecule

The effect of ionising radiation on the guanine (G) 

molecule (Fig. 2. 9) can theoretically lead to the chemical 

structures  presented  in  Fig.  2.10.  Spectra  of  control  and 

irradiated with protons  G are  compared  in  Fig.  2.11.  All 

changes observed in the spectra are described in Table 2.5, 

where the intensity changes are marked by black, the shifts 

by green and the appearance of new peaks by red.
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Fig. 2.9 Guanine.

Fig. 2.10 Products derived from guanine detected after interaction with free radicals, redrawn 
from [Sonntag 2006].



Fig. 2.11 A) Raman spectra of proton irradiated and untreated guanine, B) The spectra from A) expanded 
in smaller spectral ranges.
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Table  2.  5 Raman  band  assignments  of  irradiated  and  untreated  guanine  based  on  the  work  of  
[Lopes 2012]. The radiation dependent intensity changes are marked by black, the shifts by green and the  
appearance/disappearance of new peaks by red.

Wavenumber [cm–1] Assignment

1 3122 ν(C8–H),  νasym (NH2)

2 1482 νsym (N1–C2), νsym (N1–C6) , 
νsym(C8–N7), νsym(C5–N7) 
δs(N7–H)

3 1417–1420 υ(C2–N3), υ(C2–N5)
 in plane deform (N1–H) 
νsym(C2–N2), 
νsym(C5–C6), νsym(C8–N9)

4 566 υ(N–H),in plane ring deform. of skeletal atom(C2–N1–
C6), 
in plane ring deform. of skeletal atom(N3–C4–C5)

5 516 in plane ring deform. of skeletal atom(N3–C2–C1) 
in plane ring deform. of skeletal atom(C4–C5–C6)

6 495 in plane ring deform. (N1–C6–C5),
 in plane ring deform. (C2–N3–C4)

7 464–469 in plane ring deform. of skeletal atom (N1–C6–C5) 
in plane ring deform. of skeletal atom (C2–N3–C4)

ν – stretching, ν sym – symmetric stretching, ν asym  – asymmetric stretching, δ – bending, δs – scissoring (in 
plane bending), δr – rocking (out of plane bending),  δw – wagging, δt – twisting, deform. – deformation

The  formation  of  the  DNA dimeric  pyrimidine  lesions  produced  by  direct 

absorption of UVB radiation was investigated by Revanat et al. using a powerful HPLC 

(High Performance Liquid Chromatography)–tandem mass  spectrometry assay.  They 

reported UVA photo–oxidation damage mostly involves the guanine residues of cellular 

DNA  [Ravanat  2001].  The  study presented  in  this  chapter  indicates  more  spectral 

changes in the guanine molecule after proton exposure than in either cytosine, thymine 

or adenine confirming the results of Revanat et al. Usacheva et al. proved the formation 

of 8–hydroxyguanosine by using UV spectroscopy  to monitor the damage in guanine 

after γ–radiation exposure [Usacheva 1995]. Time–of–flight (TOF) mass spectroscopy 

was applied by Svensson  et al. [Svensson 1992]  to detect damage caused by X rays. 

Electron spin resonance (ESR) studies of radicals formed by radiation–induced multiple 

one–electron oxidations of guanine moieties in DNA were reported by Shukla  et al. 

[Shukla 2004]. Researches proved that annealing of gamma–irradiated DNA from 77 to 

235  K results  in  the  hydration  of  one  electron  oxidised  guanine  (G•+)  to  form the 
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8–hydroxy–7,8–dihydroguanin–7–yl–radical (•GOH).

Looking  at  the  Fig.  2.10  serious  spectral  changes  associated  to  molecular 

structure  modifications  are  expected  after  radiation  exposure  of  guanine  solution. 

Observed shifts (Table 2. 5) associated to ring motions: from 1417 cm–1 to1420 cm–1 and 

from 464 cm–1 to 469 cm–1 indicate the appearance of various kinds of molecules having 

slightly  different  ring  structures  including  2,6–Diamino–4–hydroksy–5–

formamidophyrimidine  (2),  5',8–Cyclo–2'–deoxyguanosine  (3),  imidiazolone  (4)  and 

oxazolone  (5).  The  appearance/disappearance  of  peaks  related  to  ring  motions: 

516  cm–1,  566  cm–1,  1482  cm–1 also  support  G  ring  molecular  changes  and  the 

formation of the 2,6–Diamino–4–hydroksy–5–formamidophyrimidine (2), 5',8–Cyclo–

2'–deoxyguanosine (3), imidiazolone (4) and oxazolone (5).

2.2.5 Adenine radiation damage

There are also several molecular pathways that can 

result  when  adenosine  (Fig.  2.12)  is  exposed  to  ionising 

radiation,  leading  to  the  various  kinds  of  molecular 

structures presented in Fig. 2.13. Fig. 2.14 shows spectra of 

control  and  adenosine  irradiated  by  protons.  Table  2.6 

presents  all  radiation  dependent  changes  observed  in 

spectra, where the intensity changes are once again marked 

by black, the shifts by green and the appearance of new peaks by red.
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Fig. 2.12 Adenine.

Fig. 2.13  Products derived from A detected after interaction with free radicals, redrawn from 
[Sonntag 2006].



Shanmugasundaram  et  al. studied  adenine  radiation  damage  using  Raman 

spectroscopy. They were looking for Raman markers of the two most commonly found 

adenine lesions 8–Hydroksyadenine and (1) and 4,6–Diamino–5–formamidopyrimidine 

(2) (Fig. 2.13) in experimental and theoretical spectra. They demonstrated that 8-oxoA 

and FaPyA have unique spectral  features compared to adenine by characterizing the 

differences in their normal modes.  [Shanmugasundaram 2011].

Table 2.6 Raman band assignments for irradiated and untreated adenine based on the assignments by  
[Jang 2002, Movileanu 1999, Shanmugasundram 2011]. The radiation dependent intensity changes are 
marked by black and the shifts by green.

Wavenumber [cm–1] Assignment

1 3122 υ(C–H), υ (C8H8)

2 3032 υ(C–H)   

3 1599 υ Ring,  (NH2)

4 1485 ν(C4–N9), δ(H2–C2–N1), ring 

5 1464 ν(C=N) in ring, def. (C2–H) 

6 1374–1370 ν(C6–N1),  ring, 

7 1337–1333 ν(C–N), ring 

8 1251 ring mode

10 944 def.(NH2) 

11 900 δr(NH2) 
ν – stretching, ν sym – symmetric stretching, ν asym  – asymmetric stretching, δ – bending, δs – scissoring (in  
plane bending), δr – rocking (out of plane bending),  δw – wagging, δt – twisting, def. – deformation mode

In  adenine solution proton exposure dependent changes were observed using Raman 

microspectroscopy. The shift of ν(C–N) from 1337 cm–1  to 1333 cm–1 and the intensity 

increase  of  the  ν(C4–N9),  δ(H2–C2–N1)  at  1485cm–1 is  assingned  to  the 

8–Hydroksyadenine  (1)  formation.  The  shift  of  ν(C6–N1)  1374  cm–1  to 1370  cm–1 

indicates that some amount of adenine changed the molecular structure after radiation 

exposure  and  formed  4,6–Diamino–5–formamidopyrimidine  (2)  [Shanmugasundram 

 2011].
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Fig. 2.14 A) Raman spectra of proton irradiated and untreated A, B) The spectra from A) expanded in  
smaller spectral ranges.

45



2.2.6 Adenosine radiation damage

The  structure  of  adenosine  (adenine  mono–

phosphate) is presented in Fig. 2.15. Ionising radiation 

can damage both the nucleic base as well as the sugar. 

Fig. 2.16 displays the spectra of control and irradiated 

adenosine using 2 MeV protons. All changes observed in 

spectra  are  described in  Table 2.7,  where the intensity 

changes are marked by black and the shifts by green.

     

 The  5',8–Cyclo–2'deoxyadenosine  molecule 

(Fig.  2.17)  is  common  formed  adenosine 

lesion product [Sonntag 2006]. 

 The results show that adenosine molecule is more sensitive to ionizing radiation 

than single bases. The higher sensitivity is probably associated with the deoxyribose 

molecule  and  phosphate  group.  The  complicated  a  molecule  the  more  bonds  are 

damaged  ahd  the  more  complexes  are  formed.  The  appearance  on  δ(C–OH)  at 

1335 cm–1  [Chapman 1964] could be associated with the 5',8–Cyclo–2'deoxyadenosine 

molecule formation in adenosine solution after proton exposure.
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Fig. 2.15 Adenosine.

Fig. 2.17 The adenosine lesion product.



Fig. 2.16 A) The Raman spectra of proton irradiated and untreated adenosine, B) The spectra from A)  
showed partially in smaller spectral ranges.
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Table 2.7 The irradiated and untreated adenosine bands assignment [Li 1997], the radiation dependent  
intensity changes are marked by black colour, the shifts by green.   

Wavenumber [cm–1] Assignment 

1 3123–3112 ν (CH)

2 2985–2955 ν as(CH2)crown, ν (CH) ribose

3 2928–2922 ν as(CH2)crown, ν (CH2)crown

4 2903– 2854 νs(CH2)crown

5 1666–1689, 1611–
1618

δs(NH2), def. (NH2) 

6 1555–1560 Double bond stretching, def.(NH2), ν ring

7 1507–1511 ν(C=N) ring

8 1478–1473 ν(C=N) ring, def. (C2H2) 

9 1424, 1407 – 1424 def. (CH2), ring

10 1321–1388 ν(C6–N1) ring,  ribose

11 1335 δ(C–OH)

12 1236 Adenine, ring

13 1156–1167 ν(C5–C6), ν(P–OH) backbone

14 1083 νsym (C–O) 

15 1052 ν(N–sugar) , ν(CO) sugar 

16 1009 def. (NH2)

17 993 def. (NH2), δr (NH2)

18 852–860 υ(O–P–O) 

19 827 υ(O–P–O) 

20 798 υ(O–P–O) 

21 754 υ(O–P–O)

22 721–727 Ring breathing

23 679–694 Ring def.

24 428–410 δr(OH) ribose

25 372 δr(C5’O5’)ribose, δr(C1’–N9), δs(COC) crown

26 316 δs (C1’–N9), δs (C6–N6), torsion(C–C) ring

ν – stretching, ν sym – symmetric stretching, ν asym  – asymmetric stretching, δ – bending, δs – scissoring (in 
plane bending), δr – rocking (out of plane bending),  δw – wagging, δt – twisting, def.– deformation

2.2.7 DNA radiation damage

The DNA is very sensitive to ionising radiation as described in the first chapter. 

Bases, as well as the DNA backbone can be damaged during exposure. The spectra of 
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control and irradiated DNA by 2 MeV protons are presented in Fig. 2.18. The band 

assignments and shift in wavenumber values are presented in Table 2.8. 

Table 2.8 The irradiated and untreated  DNA bands assignment [Olsztyńska–Janus 2012, Treffer 2011].   

Wavenumber [cm –1] Assignment

1 2891–2898 ν(C–H) deoxyribose and T

2 1666–1671 ν(C=O), δ(NH2 ) dT, dG, dC, C/G/T, ν(C=C str), δs(NH2) 

3 1576–1579 A/C/G/T rings 

4 1531–1536 in–plane ring str. dC, T

5 1489–1491 ν(C=N)  in imidiazole, dG, dA,  

6 1418–1422 ν(C4–C5str) C  A, T

7 1335–1339 dA, dG, A/G (ring mode) 

8 1243–1245 νasym (O–P–O)

9 1100–1106 νsym (O–P–O)

10 1008–1016 ν(N–sugar) A 

11 690–670  C2' –endo/anti, G ring breathing 

12 500–494 C/T ring def

ν – stretching, ν sym – symmetric stretching, ν asym  – asymmetric stretching, δ – bending, δs – scissoring (in 
plane bending), δr – rocking (out of plane bending),  δw – wagging, δt – twisting

Proton  exposure  dependent  spectral  changes  in  DNA  by  Raman 

microspectroscopy,  were successfully detected. Shifts as well as intensity changes were 

observed.  The  results  prove  that  the  DNA molecule  is  more  sensitive  to  ionising 

radiation than single nucleotides or the adenosine molecule. The results of DNA and 

adenosine investigation indicate that the high sensitivity to 2 MeV proton exposure may 

result in damage to the deoxyribose unit and hydrogen bonding in DNA.  
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Fig. 2.18 A) The Raman spectra of proton irradiated and untreated DNA B) The spectra from A) zoomed 
in smaller spectral ranges 
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 The shift of νasym(O–P–O) from 1243 cm–1 – 1245 cm–1 indicates that the DNA 

partially changed its conformation from B–DNA to A–DNA form. The same effect was 

observed by Zhou et al. in 2004. Zhou et al. studied calf thymus DNA and nucleotides 

in aqueous solution after 9 min , 20 min and 40 min exposure to ultraviolet radiation 

using Raman spectroscopy. The results proved that the ultraviolet radiation influences 

stronger single nucleotides than the DNA molecule.  They shoved that the molecular 

conformation of the DNA was changed and the hydrogen bonds were damaged. They 

described the interaction of UVR with purines and pyrimidines, which were severely 

damaged after exposure  [Zhou 2004]. Structural changes of double stranded DNA in 

aqueous solution induced by γ radiation were studied by Fourier–Transform–Raman 

spectroscopy by  Sailer  et al. Researchers published that the intensity increase of the 

peaks associated to  dT, dA, dG, dC indicating unstacking of these bases.  The same 

effect was observed in this study with the appearance of the 1335 cm–1  (dA, dG) and 

ν(C–N) at 1306 cm–1 in C, A, G [Treffer 2011]). The unstacking of these bases caused 

by proton exposure is confirmed by the shift of ν(C=O) – base stacking mode from 1666 

cm–1 to 1671 cm–1 [Sailer 1996]. Observable ν(O–P–O) at 1024 cm–1 , 1190 cm–1 , 1080 

cm–1  and ν(C–O) at  1060 cm–1  and at  880 cm–1  in  DNA backbone band intensity 

changes  are  associated  to  strand  breaks  and  structure  change  of  sugar  moiety 

respectively [Sailer 1996].

2.3 Summary and Conclusions
The application of Raman microspectroscopy to proton radiation damage studies 

in nucleotides, adenosine, and DNA molecules allowed for detection of spectral changes 

associated with strand breaks,  base unstacking,  DNA conformational transformations 

and  characteristic  markers  for  particular  single  nucleotide  lesions.  These  studies 

generated a universal  data base that could be applied to detect  radiation damage or 

cellular response to radiation markers in vibrational spectra of single cells exposed to 

radiation and isolated cellular nuclei, which is the subject of Chapter IV. However, in 

order to investigate the chemical nature of radiation damage, a more sensitive technique 

is  required  which  led  to  the  application  of  Tip  Enhanced  Raman  Scattering  to 

investigate DSBs. The methodology and results are described in chapter III.
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Chapter III  

An investigation of individual DNA Double Strand Breaks 

by  Tip Enhanced Raman Scattering
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3.1 Introduction

It is well known that UVB (290–320 nm) and UVC (200–280 nm) can result in 

damaged  DNA,  leading  to  skin  cancer  [Jiang  2009]. Although  UVC  radiation  is 

ecologically not relevant since it is quantitatively absorbed by oxygen and ozone in the 

Earth’s atmosphere  [Sinha 2002] it  still  serves as a potent source to generate  DNA 

lesions. Two billion years ago prior to the formation of the atmosphere cells would have 

to withstand the effects of UVC and evolutionary pressures led to the development of 

multiple repair and tolerance systems targeting UVC–induced cellular damage that are 

now  found  in  all  biological  kingdoms  [Rolfsmeier  2010].  The  main  DNA lesions 

generated by UVC and UVB include the direct  products of photochemical reactions 

within DNA, such as  cyclobutane pyrimidine (CPDs) and 6–4 lesions  [Jiang 2009, 

Kraft  2011,  Kim 2010,  Sileman 2000]. Other  forms  of  damage include  single–  and 

double–strand breaks (SSBs and DSBs, respectively) and the yield of DSBs/Gy is often 

used as a measure of biological effectiveness of different radiation types  [Ugenskiene 

2007].  UVB  and  UVC  exposure  can  also  result  in  modified  bases,  such  as  8–

oxoguanine,  thymine  glycol,  5,6–dihydrothymine,  and cytosine photohydrate  [Cadet  

2005, Hill 1968]. These DNA alterations are chemically well characterized and have 

been  accurately  quantified  for  specific  absorbed  doses  of  UV  [Morrison  1990,  

Friedberg 1995]. To the best of author's knowledge, the chemical structure of individual 

Double Strand Breaks has never been experimentally verified.

Atomic  Force  Microscopy (AFM) is  a  well–known method applied  to  DNA 

damage  detection.  The  formation  of  DSBs  and  SSBs  by  many  different  kinds  of 

damaging factors such as ionizing radiation has previously been studied  [Jiang 2009,  

Ke  2008,  Psonka  2005].  While  AFM can  give  highly  spatially  resolved  images  of 

surface topology it provides no molecular information and consequently it is primary 

use in this study is to identify potential sites of lesions, which can then be targeted with 

Tip  Enhanced Raman  Scattering  (TERS).  TERS exploits  the  nearfield  enhancement 

generated  by  laser  excitation  of  surface  plasmons  resulting  from  a  strong 

electromagnetic field generated at the laser–irradiated tip apex of a metal or metallized 

scanning  probe  microscopy  (SPM)–tip  [Stockle  2000]. An  application  of  presented 

configuration  simultaneously  delivers  highly  resolved  topographic  information  and 

enhanced  Raman  scattering.  The  technique  has  found  application  in  reading  and 
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identifying DNA bases and its potential  as independent modality to determine DNA 

base  sequences  is  now  been  acknowledged [Treffer  2010,  Deckert–Gaudig  2011,  

Treffer 2012].

3.2 Materials and methods

3.2.1 Tips and samples preparation

The tip size and shape is crucial in obtaining high quality TERS spectra. Silicon–

based  AFM tips  from ATEC–NC (Nanosensors) were  coated  with  20  nm of  silver 

(Aldrich 99.99 % pure) using a CE. 12/14 (Dynavac Engineering Pty Ltd) evaporation 

system, under pressure 5×10−5 Torr air. Tips were 30° angled to evaporate the silver 

exactly to the tip. During the evaporation the deposition ratio was 0.05 nm per second, 

the sample–source distance was approximately 20 cm. 

Double–stranded pUC 18 DNA plasmid (Sigma Aldrich, Australia) was used as 

the source for control and UV damaged DNA. The DNA, in a radio–protective aqueous 

buffer (20 mM HEPES 100mM NaCl solution), was irradiated as a thin film from the 40 

μL solution on Petri dishes. A UVC (256 nm, 4.85 eV) lamp was used as the radiation 

source. The exposure time was set to 30 minutes and the distance between the lamp and 

the sample was ~ 2.5 cm. The deposited energy was 85 kJ/m2, at the sample level. After 

irradiation, the cationic solution (10 mM MgCl2) was used to dilute the DNA samples 

(1:1).  Next,  10 µl  of  final  solution  (final  concentrations:  1–3 µg/ml  DNA, 10  mM 

HEPES, 50 mM NaCl, 5 mM MgCl2) was deposited on freshly cleaved mica (~0.1 mm 

thickness). After 5 minutes of incubation, samples were washed 10 times in deionized 

water  and  dried  using  nitrogen  gas.  The  physiological  solution  mimics  the  natural 

osmolarity of the DNA environment. In this physiological solution the plasmid DNA is 

mainly supercoiled  showing  between  6  and 9  nodes  with  AFM microscopy  [Jiang 

2010a, Jiang 2010b]. If the plasmid breaks, it is no longer supercoiled and the DNA 

becomes either relaxed when at least one SSB occurs or linear if a double strand is 

broken. Relaxed, linear and supercoiled plasmid forms are presented in Fig. 3.1a. 

Fig.  3.1  shows  SEM  images  of  the  silver  coated  TERS  tip  along  with  a 
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schematic of the substrate configuration for TERS measurements utilizing Mg2+ counter 

ions  to  fix and orientate  the DNA. A schematic  of the TERS configuration used to 

investigate irradiated DNA is shown in Fig.  3.1a.  To improve the enhancement  and 

increase the percentage of functional TERS tips one of the mica surfaces was coated 

with reflective silver and placed underneath a second mica substrate (Fig. 3.1b). This 

specially prepared mirror was placed below the transparent sample to reflect the laser 

light.  Laser  light  reflected  from the  silver  surface  increases  the  number  of  photons 

interacting with the molecule and tip apex. The additional reflective surface leads to 

better enhancement and an increase in the percentage of functional tips (~90 %). Fig. 

3.1c  and Fig.  3.1d  show Scanning Electron  Microscope  (SEM) images  of  different 

orientations of the nano–droplet of silver deposited on the AFM tip.

3.2.2 AFM imaging

AFM Images  were  recorded  using  a  NT–MDT Integra  AFM Raman  system 

(Fig. 3.2) in the tapping mode. NT–MDT NSG10 probes were used for imaging in air. 
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Fig. 3.1 Schematic of TERS configuration; a) AFM image of the pUC 18 DNA plasmid fixed onto a mica  
surface in the upright configuration showing the AFM tip and the direction of the green laser, b) method  
of DNA fixation and substrate configuration, c) and d) Scanning Electron Microscopy (SEM) images of  
the silver coated TERS tip.



The  spring  constant  of  the  AFM  cantilevers  was  ~  11.8  N/m and  their  resonance 

frequency ~ 240 kHz. All images were collected at a scan rate of 0.2–0.3 Hz and a scan 

resolution  of  512–512  or  256–256  pixels  with  scan  sizes  between  1000–3000  nm. 

Additionally, in order to improve the statistics, two further instruments namely: Cypher 

and JPK nano Wizard AFM were used for AFM imaging. The imaging was faster with 

the scan rate of 0.8–1.5 Hz but the other parameters and tips were the same.

The top visual silicon–based AFM cantilevers of ATEC–NC (Nanosensors) were 

used for imaging in air. The spring constant of the AFM cantilevers was ~ 50 N/m and 

their resonance frequency was ~ 300 kHz. All images were collected at a scan rate of 

0.2Hz – 0.3 Hz, a scan resolution of 512 – 512 or 256 – 256 pixels, and scan sizes of 

1000 – 3000 nm.

Fig.  3.3  shows  the  AFM topography of  control  and  irradiated  samples.  The 

corresponding histograms show the averaged number of supercoiled, relaxed and linear 

forms for control and irradiated DNA. For the actual TERS measurements control and 

irradiated solutions were mixed enabling the collection of spectra from supercoiled and 

control DNA and at the end points of linear DNA where the DSBs occur.
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Fig. 3.2 NT–MDT Integra AFM–RAMAN system.



3.2.3 Focusing the laser on the tip

The tip was placed in the vicinity of the DNA strand and scanned using focused 

laser beam (30 steps x 30 steps) in a 10 µm x 10 µm region in order to focus the laser 

light  exactly at  the apex of  the  tip.  The sum of  Raman intensity in  spectral  range: 

1320 cm–1 –  1700 cm–1 is  presented  in  three  dimensions  in  Fig.  3.4.  In  the  chosen 

spectral  range there are  numerous  of DNA peaks.  The maximum number of  counts 
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Fig. 3.3.  AFM topographies of plasmid DNA; a) control and b) exposed to 85 kJ/m2 UVC (256 nm) 
radiation of pUC18. Histograms summarize the averaged number of supercoiled,  relaxed and linear  
plasmid forms corresponding to all control and irradiated samples. Three detectable plasmid forms are  
marked by arrows: supercoiled (blue), relaxed (cyan) and linear (pink). 



shows the place where the laser was focused on the tip. The spectra were collected at 

incremental points by movement of the piezo–scan table.

Fig. 3.4 The Optical response of a focused laser scanned through the TERS tip.

3.2.4 TERS spectra collection

The Renishaw inVia Raman microscope integrated with a NT–MDT Itegra AFM 

used in this study is presented in Fig. 3.2. The TERS spectra were collected using an 

“Andor” CCD camera (cooled to –30 °C) in the spectral range of 580 cm–1 – 1725 cm–1. 

The green (532 nm) Nd : YAG laser power measured at the sample level was 2.5 mW. 

The laser exposure time for a single spectrum acquisition was 5 seconds.

3.2.5 Spatial resolution

The spatial resolution of the TERS tip was measured by mapping. The results are 

presented in Fig. 3.5. The AFM topography of the sample is shown in Fig. 3.5a and the 

area that was mapped using the TERS technique is marked by a green rectangle. Fig. 

3.5b  shows  the  TERS mapping  of  νasym(O–P–O)  –  the  sum of  TERS intensities  in 

spectral range: 1255 cm–1 – 1225 cm–1 along with the background (mica peaks). The 

pixel size is 2.6 nm x 2.6 nm for all TERS maps. A high intensity Raman signal is found 

in the central part of the map where the DNA strand is located. In Fig. 3.4c one observes 

TERS mapping of  A/C/G/T  pyridine ring breathing modes, which includes the sum of 

TERS  intensities  in  the  spectral  range: 1480  cm–1 –  1565  cm–1 along  with  the 

background (mica  peaks).  The  corresponding AFM images  of  height  and  phase  are 
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presented in Fig. 3.5d and Fig. 3.5e, respectively. Fig. 3.5f and Fig. 3.5g show the TERS 

maps from Fig. 3.5a and Fig. 3.5b after background subtraction. Fig. 3.5h presents the 

spectra extracted from the pixels: blue: the DNA TERS spectrum with the background 

(mica  peaks),  black:  the  background  spectrum (mica  peaks),  gray:  the  DNA TERS 

spectrum  after  background  subtraction.  The  DNA  double  strand  diameter  is 

approximately 2 nm as seen in the AFM images. For TERS maps utilising the TERS tip 

and integrating the area under the DNA bands νasym(O–P–O) at 1255 cm–1 – 1225 cm–1 

and pyridine/purine ring–breathing modes at 1580 cm–1 – 1465 cm–1 a 7 pixel resolution 

could  be  achieved  equivalent  to  ~18.2  nm  or  54  DNA base  pairs.  The  achieved 

resolution is comparable to the resolution obtained by Chan et al. who reported 14 nm 

working in the same TERS configuration  [Chan 2010].
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Fig. 3.5 The TERS spatial resolution, a) The AFM image (height) of DNA double strands, the b) – f)  
images were collected from the marked green rectangle area, b) The TERS mapping of υasym(O–P–O) – 
the sum of TERS intensities in spectral range: 1225 cm–1 – 1255 cm–1 with the background (mica peaks),  
the  pixel  size:  2.6x2.6  nm.,  c)  The  TERS  mapping  of  A/C/G/T (ring  str.  (Py))  –  the  sum of  TERS  
intensities in spectra range: 1465 cm–1 – 1580 cm–1 with the background (mica peaks),  d) The AFM 
image (height) of DNA double strands, e) The AFM image (phase) of DNA double strands, f) TERS  
mapping of υasym(O–P–O) – the sum of TERS intensities in spectral range: 1225 cm–1 – 1255 cm–1 after  
background (mica peaks) subtraction, g) The TERS mapping of A/C/G/T (ring str. (Py)) – the sum of  
TERS intensities in spectral range: 1465 cm–1 – 1580 cm–1 after a background (mica peaks) subtraction,  
h) The spectra extracted from the pixels: blue: The DNA TERS spectrum with the background (mica  
peaks),  black:  The  background  spectrum  (mica  peaks),  gray:  The  DNA  TERS  spectrum  after  the  
background subtraction.



3.3 Results

3.3.1 Spectral reproducibility for control and irradiated plasmid DNA

An AFM image of control (black) and double strand breaks (blue), recorded with 

the TERS tip along with the spots where spectra were recorded, is presented in Fig. 3.6. 

The AFM image, in this case, was recorded with a TERS tip and a drop of silver (~ 20 

nm) at its apex. Hence the image has a lower resolution than AFM images presented in 

Fig. 3.1 and 2, which were recorded with a standard AFM tip. The typical bands for the 

DNA are the symmetric phosphate stretch at ~1083 cm–1 and the asymmetric stretch 

~1237 cm–1. The Raman intensity from the phosphate vibrations in control DNA TERS 

spectra are quite low (Fig.3, black numbers: 1, 2, 3, 4, 5). This is because the DNA is 

fixed  onto  the  mica  surface  by  Coulomb  interaction  between  negatively  charged 

phosphate  groups and positively charged magnesium ions,  which results  in  different 

orientations of the phosphate groups relative to the surface (Fig. 3.1). However, these 

vibrational motions are observable in some (but not all) spectra of damaged DNA (Fig. 

3.6, blue numbers: 1, 2, 3, 4, 5). 

The variability observed in TERS spectra originates primarily from these bond 

differences and their relative orientation to the tip. Three various types of spectra were 

collected from the places where DNA was broken. Each type will be discussed in next 

few paragraphs. The 1440 cm–1 and 1360 cm–1 bands dominate Type 1 DSB spectra, 

which are assigned to CH2 bending motions. These bands are absent in Type 2 DSB 

spectra.  Similarly,  bands  absent  in  Type  1  spectra  include  the  P–O–C  symmetric 

stretching (1115 cm–1), phosphate stretching (1079 cm–1, 1237 cm–1) and P–OH bending 

(1160 cm–1) are all highly intensified in the type 2 spectra. Type 3 spectra show bands 

characteristic of both methyl and phosphate groups and are thus a combination of Type 

1 and 2 spectra. 
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Fig. 3.6 The reproducibility and the variability of TERS spectra; a) The AFM topography of DNA TERS 
sample, the places where the tip was during the spectra collection are marked, control DNA – black  
numbers  and  broken  DNA  –  blue  numbers,  b) Representative  TERS  spectra  of  control  DNA,  
corresponding to tip positions marked on a,  c) Representative TERS spectra (Type 1) of broken DNA,  
corresponding to tip positions marked on a,  d) Representative TERS spectra (Type 2) of broken DNA,  
corresponding to tip positions marked on a; the band assignments are presented in Table 3.1.

3.3.2 Principal Component Analysis (PCA)

The evaporation method employed to coat the tips is random at the nano–scale, 

and hence the nano–structures at the end of the tip vary in size and shape, which can 

lead to variation in the spectral profiles. Additionally during the experiment the TERS 

tip  properties  can  change.  For  instance  these  structures  can  be  damaged  during  an 

imaging in semi–contact mode or alternatively the nano–tip can become oxidized. The 

variability of spectra collected from one tip in both the control and damaged DNA is 

presented in Fig. 3.6. The sample structure can also have an influence on the variability. 
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At the nano–scale the DNA is not homogenous, so every time a spectrum from different 

base  combination  (ca.  54  base  pairs)  is  collected,  some  variation  is  expected. 

Nevertheless consistent differences can be observed between TERS spectra of control 

and DSBs. To further examine the reproducibility of the results, Principal Component 

Analysis (PCA) was applied to investigate variation in the TERS spectra. 

PCA was applied to the spectra, obtained using one (the same) TERS active tip, 

in the spectral range of 1825 cm–1 – 580 cm–1. The PC–1 versus PC–2 Scores Plot is 

shown in Fig. 3.7a.  Two distinct clusters, corresponding to the two groups of spectra 

control and DSB, were identified. The corresponding loading factors are presented in 

Fig. 3.7b. PCA of the DNA backbone bands indicate that PC–1 (accounting for 23% of 

the  total  variance)  has  a  positive  correlation  with  wavenumber  values  attributed  to 

vibrations from DNA base–sugar bonds at ~690 cm–1, C–O furanose stretching vibration 

at 970 cm–1 and 1030 cm–1,  νasym(O–P–O) at ~ 1240 cm–1,  ν(P� OH)  at 1159  cm–1 and 

δ(P–O–H) and at 1194 cm–1. P–O–H motions are not typically observed in conventional 

Raman  spectra  of  control  DNA.  The  results  indicate  that  P–O–H  motions  are 

characteristic of damaged DNA. PC–2 accounts for 18% of the total variance and has a 

negative correlation with δs(CH2)  δs(CH3),  δr(CH2),  δr(CH3)  at  1368 cm–1,  δr(CH2)  at 

1439 cm–1. Those modes were observed in damaged DNA TERS spectra. 

PCA analysis  was  also  applied  to  more  than  350  TERS  spectra  collected  using 

7 different tips (Fig. 3.7c, d). The three dimensional Scores Plot shows clustering of the 

data. Clusters corresponding to control and broken DNA spectra are presented, however 

the  Scores  Plots  confirm  that  the  tip  has  an  influence  on  the  spectral  profiles. 

Nonetheless general clustering of the control and irradiated DNA is still observed. The 

corresponding  Loadings  Plots  show  that  the  peaks  with  wavenumber  values  of 

970 cm–1, 1160 cm–1, 1236 cm–1, 1335 cm–1, 1440 cm–1 are responsible for the clustering 

of control and damaged DNA. 
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Fig. 3.7 PCA analysis of TERS spectra; a) Scores Plot of TERS spectra collected using one tip, control  
spectra – black stars, spectra of broken DNA – blue stars, b) Loadings Plot corresponding to a, c) Scores  
Plot of 350 TERS spectra collected by 7 various tips (marked by 7 various colours) where c – control  
DNA (hollow spheres), d – damaged DNA (filled spheres), d) Loadings Plot corresponding to c.

3.3.3 MicroRaman, SERS and TERS comparison

The TERS spectra were compared with results obtained with Surface Enhanced Raman 

Scattering (SERS) and Raman spectroscopy.  The spectra  collected using these three 

methods are shown in Fig. 3.8 and the detailed band assignments based on theoretical 

calculations are reported in the Table 3.1. The comparison of TERS, SERS and micro–

Raman spectra of control and irradiated pUC18 DNA plasmid are presented in Fig. 3.8a 

and Fig. 3.8b, respectively. SERS and micro–Raman spectra were averaged from more 

than 10 spectra. The TERS spectra, chosen for comparison, are representative of the 

main  spectral  types  observed.  Averaging  of  TERS spectra  led  to  a  loss  in  spectral 
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information. Therefore, it is better to compare raw representative spectra to highlight the 

important variability that is expected because of the heterogeneity of the DNA at the 

nano–scale.  For comparison of damaged DNA spectra a Type 3 spectrum was chosen 

because it has characteristic bands from CH2, CH3 and P–O–H functional groups. The 

TERS peaks  observed by SERS or  microRaman are  marked by yellow colour.  The 

spectra,  achieved using three various techniques:  microRaman,  SERS and TERS, of 

control  in  comparison  with  damaged  DNA are  presented  in  Fig.  3.8c,  8d  and  8e 

respectively, where differences in peak positions are marked in grey. 

Raman bands arising from the DNA phosphodiester and sugar groups are comparatively 

less intense compared to other biomolecules due to the low Raman scattering cross–

section of the phosphate moieties. In SERS and TERS, the functional groups closest to 

the metal surface are subject to the greater enhancements (EM enhancements scale as 

r−10 from the surface). The phosphodiester backbone vibrations have less interaction 

with the metal surface especially if the native helical structure is preserved, as is the 

case for the DNA control samples. DSBs cause the phosphate terminals and nucleic 

bases to become exposed to the metal surface leading to the greater enhancement of 

these modes. 

The major bands observed in Type 1, 2 and 3 TERS spectra of damaged DNA are all 

shown in the SERS spectrum. This can be explained based on the spectral acquisition of 

the sample area. In TERS, the enhancement occurs in the vicinity of the metallized tip 

and the spectrum is collected from this localized area, while in SERS the sampling area 

is  largely determined by the laser  spot  size,  which is  ca.  100 times larger  than the 

average TERS tip. Thus, in the SERS measurement multiple DNA strands are sampled 

with  various  surface  orientations,  while  DSBs  are  probed  one  at  a  time  in  TERS. 

The P–O–H, CH
2
 and CH

3
 motions associated to DSBs can not be observed by micro–

Raman because of the sensitivity – the number of broken bands is below the detection 

limit.  Radiation  damage  should  be  investigated  by  methods  giving  single–molecule 

sensitivity such as TERS.
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Fig. 3.8 A comparison of TERS, SERS and micro–Raman spectra; a) spectra of untreated pUC18 DNA 
plasmid,  the  TERS peaks  observable  by  other  methods  are  marked  by  yellow colour,  b) spectra  of  
irradiated pUC18 DNA plasmid, the TERS peaks observable by other methods are marked by yellow 
colour,  c) Raman spectra of control and irradiated pUC18 DNA plasmid, differences marked by grey  
colour,  d) SERS spectra of  control  and irradiated pUC18 DNA plasmid,  differences  marked by grey  
colour, e) TERS spectra of control and irradiated pUC18 DNA plasmid, differences marked by grey color.
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Table 3. 1 Bands assignments for Raman, SERS and TERS spectra of pUC18 DNA plasmid control and  
irradiated with UVC.

Control 
DNA, 
Raman 
band

Irradiated 
DNA, 
Raman 
band

Control 
DNA, 
SERS 
band

Irradiated 
DNA, 
SERS 
band

Control 
DNA, 
TERS
band

Irradiated 
DNA, 
TERS 
band

Assignment

1694 – 1684 – 1702 – ν(C=O), δ(NH2) of T/G/C, base stacking mode 
[Olsztyńska-Janus 2012]

1665 1657 1660 1667 1651 1653 δs(NH2) [Jang 2002]
1570 1571 1573 1581 1578 1571 in plane ring vibration A/G, 

(NH2 )[Jang 2002, Movileanu 1999]
– – 1519 1507 1512 1515 ring [Movileanu 1999]

1482 1468 1484 1478 1483 1472 ν(C=N) Pirymidyne [Jang 2002], 
def. (CH2) [Movileanu 1999]

– – – 1440 – 1440 δr(CH2) [Ponkumar 2012]
1418 1412 1402 1400 1406 1403 ν(C6–N1) Pirymidyne [Jang 2002], 

ring [Movileanu 1999]
– – – 1370 – 1350–

1365
δs(CH2)  δs(CH3) 
[Ponkumar 2012]

1332 1336 1324 1313 1328 1317 (C–N) [Jang 2002], ring [Movileanu 1999]
1303 1293 1324 1311 1296 1296–

1313
ring [Movileanu 1999]

1234 1240 1245 1254 1234 1237 νasym (O–P–O) [Movileanu 1999]
1183 1192 1202 1198 – 1190 ν(P–OH) [Chapman 1964, Rudbeck 2009]

– 1140 – – – 1160 δ(P–O–H) [Chapman 1964, Rudbeck 2009]
– – – – – 1115 νsym(P–O–C) [Harrigan 2003], 

νsym(O–P–O) [Zhu 2008, Treffer 2011]
1089 1086 1128 1090 1085 1079 νsym(O–P–O) [Zhu 2008]
1060 1062 1068 1070 1067 1061 ν(N–sugar) A [Jang 2002]
1020 1019 1030 – – 1034  ν(C8–N9, N9–H, C8–H) A [Badr 2006]
963 982 980 980 – 980  ν(C–C), ν(C–O) ribose, T [Treffer 2011]

T δr w (NH2) [Badr 2006]
916 913 – 930 – 930 A/C/G δr (NH

2 
) [Jang 2002, Badr 2006]

/deoxyribose [Escobar 1996]
890 – – 880 – 870 deoxyribose ring [Thomas 2011]
– 852 841 850 – 830 deoxyribose ring [Thomas 2011]

784 767 786 780 – – T ring breathing [Badr 2002, Ke 2005]
680 630, 644 658 648 – 655 G ring breathing [Rasmussen 2006, Green 

2006]
v stretching, δ bending, δr  rocking, δs  scissoring

3.3.4 Individual DSB structure 

Detailed Analysis of the spectral features observed in broken DNA showing i) 

the 3’– and 5’– bond cleavages upon exposure to UVC radiation (Fig 3.9a–c) and ii) 

strand fragments hydrogen–terminated at lesion. On the right side of Fig. 3.9 three types 
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of representative TERS spectra are presented. On the left side of Fig. 3.9 three different 

mechanisms that could lead to DSB formation corresponding to three types of spectra 

are presented. Broken bonds are marked with yellow and blue arrows. 

Type  1  spectra  (Fig.  3.9a)  show  strong  bands  corresponding  to  the  CH3 

functional group. The appearance of CH3, CH2 wagging and bending motions confirms 

that and the 5’– bond cleavage occurred in at least one DNA strand. Type 1 spectra do 

not exhibit the characteristic phosphodiester vibrations. This could be explained if the 

phosphodiester functional groups were removed upon exposure to UVC radiation.   If 

the absence of phosphodiester motions are indeed indicative of phosphate removal then 

this, suggests 3’– bond cleavage on the second DNA strand. Type 2 (Fig. 3.9c) spectra 

collected from regions of DSBs show the symmetric and asymmetric phosphodiester 

vibrations and a strong signal from P–O–H in plane bending mode at ~1160 cm–1 which 

is coupled to ν(P–OH) at ~1190 cm–1 [Chapman 1964, Rudbeck 2009] confirming that 

the phosphodiester fragment is hydrogen–terminated at the lesion site. The appearance 

of these characteristic bands suggests that in this case the 3’– bond cleavage was formed 

in one strand and the 5’– bond cleavage was formed in the second one (yellow arrows). 

There also exists a second possible cleavage site (blue arrows). In Type 3 spectra (Fig. 

3.9b) bands from the phosphodiester vibrations and the CH3 group are observed along 

with the bands at 1160 cm–1 and 1190 cm–1, which suggest the 5’– cleavage in both DNA 

strands.

Close  inspection  of  the  asymmetric  and  symmetric  phosphodiester  bands 

(1240 cm–1 – 1225 cm–1 and 1090 cm–1 – 1070 cm–1) of DNA reveals distinct shoulder 

features not observed in spectra recorded with the micro–Raman system. By applying a 

second derivative to the Type 3 spectrum two sets of doublet bands are clearly resolved 

(Fig.  3.9d).  The  appearance  of  these  doublets  is  consistent  with  the  phosphodiester 

groups being in slightly different molecular environments following the breakage and 

demonstrates the extremely high sensitivity that  can be achieved with TERS.  In the 

Fig. 3.9e the averaged number of three described types of spectra collected by TERS 

method is presented. The third type of spectra were collected more often than the others 

(56.8% : 23.9% : 19.3%). This result suggests that the O–C bond in DNA backbone is 

the most sensitive to UVC radiation and its cleavages cause DSBs.
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Fig. 3.9 Potential cleavage sites and corresponding assigned TERS spectra; a) Type 1, b) Type 3 (mixture  
of Type 1 and Type 2) and c) Type 2 spectra. The blue shadow shows bands common to Type 1 and Type 3 
spectra, while the pink shadow highlights bands common to Type 2 and Type 3 spectra.  The arrows  
indicate the potential cleavage sites that become hydrogen terminated, d) and e) described in text.
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3.3.5  Individual DSB formation

There exist several molecular pathways that can result from DSBs upon UVC 

exposure.  Theoretically,  a  4.85  eV photon  can  damage  DNA directly  or  indirectly, 

through  the  generation  of  delta  electrons  and  free  radicals.  To  mimic  the  natural 

(biological)  environment  the  DNA plasmid  was  irradiated  in  solution.  It  has  been 

reported that 99.5 % of the energy from ionizing radiation is absorbed directly by water 

and just 0.5 % by DNA [Sonntag 2006]. The final products of water radiolysis, which 

include delta electrons and free radicals (∙H, ∙OH) can react with the DNA molecule. It 

has been demonstrated that very low energy electrons (0.1 eV to 2 eV) can interact with 

double stranded DNA and cause SSBs and DSBs [Barrios 2002, Berdys 2004a, Berdys  

2004b, Berdys 2004c, Anusiewicz 2004]. Moreover, all of the DNA bases can attach 

electrons at energies below 3 eV. In this process the base loses a hydrogen atom and a 

base anion is produced [Ptasińska 2005]. Additionally, it has been shown for thymine 

that the loss of an H atom from the N1 position (where the nitrogen atom is bound to the 

deoxyribose in DNA) is preferred because of the high electron affinity of the nitrogen 

radical generated by cleaving this bond. The Sanche group has analysed the possibility 

that low energy electrons can attach to the P=O Π* orbital of a phosphate group and 

produce cleavage of either the 3’ or 5’ sugar–phosphate or C–O bond respectively (Fig. 

3.9)  [Li  2003].  Simons  et  al. have  calculated  the  covalent  bond  within  the  DNA 

backbone  that  is  the  most  susceptible  to  cleavage  by  interaction  with  low  energy 

electrons  [Simons 2006], which supports our results. Simons et al. have shown that i) 

covalent–bond cleavages can result from low energy electron attachment (into C or T δ* 

orbitals) to form shape resonances, ii) the bond whose cleavage requires surmounting 

the lowest energy barrier is a sugar–phosphate C–O bond and iii) the cleavage of base–

sugar  N1–C or N–H bonds can also occur (as demonstrated experimentally [Abdoul–

Carime 2004, Zheng 2004], but this process requires a larger energy barrier compared to 

the sugar–phosphate C–O bond. 

The  appearance  of  DSBs could result  from an  interaction between the  DNA 

molecule and the low energy delta electrons, but  based on P–O–H, CH2, CH3 motions 

observed in TERS spectra we consider that the DNA strand fragments are hydrogen–

terminated  at  the  lesion  site,  which  suggests  the  influence  of  free  radicals  from 

radiolysis  products:  ∙OH,  ∙H.  Free  radicals  can  cause  many kinds  of  DNA damage 
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including SSBs, DSBs and cross–links  [Zavilgelsky 1984]. Free radicals cause  strand 

breakage  by  a  heterolytic  cleavage  of  the  neighboring  phosphate  group,  whereby 

cleavage at 3′ strongly dominates over that at 5′  [Beesk 1979]  contrary to the results 

achived in presented research.

Milligan calculated that the efficiency of SSB induction per ∙OH interaction with DNA 

(0.32–0.44),  which  is  essentially identical  for  all  investigated  plasmids  and  is 

independent  of  DNA density  [Milligan 1993].  Hagen proved that  SSB produced in 

aqueous  solution  by low dosages  of  photons  and  DSBs  only  become noticeable  at 

higher doses and their yield is proportional to the square root of the dose [Hagen 1976]. 

DSBs arise from closely located SSBs, that are created in two independent events. An 

∙OH–scavenger addition reduces strand breakage, but the DSB/SSB ratio increases upon 

raising the scavenger concentration. The formation of DSBs has been explained as a 

single  ∙OH hit causing a DSB and subsequent attack of the remaining sugar radical at 

the opposite strand causing the formation of a DSB [Siddiqi 1978]. Free radicals can 

produce a lot of complicated DNA modification by a variety of mechanisms reviewed 

by  Dizdaroglu  et  al.  [Dizdaroglu  2002]. The  TERS  methodology enables  both  the 

detection and characterization of the chemical events resulting in DSBs and provides 

insights into the underlying mechanisms leading to their formation. The combination of 

AFM and TERS provides a new approach to investigate the interaction between the 

DNA and the ionizing radiation providing both spatial and molecular information at the 

site of the DNA lesion. 

3.3.6 Comparison of the TERS results with DFT calculations

Computations of Raman activity for untreated and damaged (double strand break 

within O–C bond region – 5'  cleavage) DNA structures have been carried out using 

GAUSSIAN  09  software  package  in  the  framework  of  hybrid  QM/MM  method 

(ONIOM  model)  with  Density  Functional  Theory  formalism  with  B3LYP  hybrid 

exchange–correlation functional using 6–311++G(d,p) basis functions set for a guanine–

cytosine pair and Universal Force Field model for the rest of the system (additional 6 

pairs treated classically). The molecular system is schematically showed in Fig. 3.10b. 

Initial positions of atoms were taken form Nucleic Acid Database [2]. The system has 
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been optimized using default integration grid size (i.e. 75, 302), default integral cutoffs 

and  EDIIS+CDIIS convergence algorithm without damping.  Phosphate groups atoms 

positions were fixed during optimization due to interaction with divalet cations Mg2+ 

placed  on  the  mica  surface,  reflecting  the  composition  of  negative  charge  on  mica 

surface.  Then, Raman activities were calculated basing on the optimized geometries. 

Frequencies obtained from vibrational analysis have been scaled by 0.967 factor  [3] 

because  DFT/B3LYP  method  tends  to  overestimate  vibrational  frequencies  due  to 

anharmonicity effects negligence in the theoretical treatment. Errors also arise due to the 

incomplete incorporation of electron correlation and the use of finite basis sets. 

After frequencies correction Raman spectra intensities have been calculated according 

to [Michalska 2005]:

                   

where C is a constant,   is the frequency of normal mode,   is the excitation frequency 

(in this work the Nd:YAG laser operating at 532 nm), Si is the Raman scattering activity 

of the normal mode Qi and Bi is the Boltzmann distribution factor for temperature T (we 

assumed T= 300K) :

 

where h and k are respectively Planck and Boltzmann constants and c is speed of light.

Fig.  3.10a  shows  result  of  calculation  for  untreated  DNA structure  Raman 

spectrum  and  comparison  with  experimental  one.  The  calculated  spectra  confirm 

achieved experimental results.  The major band assignments for a strand break between 

the  O–C  bond  are  detailed  in  Table  3.2  for  both  calculated  and  experimental 

wavenumber values.
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Table 3.2 The differences between the positions of the key bands from our point of view (correlated with 
particle DNA damage).

      v stretching, vsym symmetric stretching, vasym asymmetric stretching, δ bending, 

                                   δr rocking,  δr wagging

Fig.  3.10  The comparison of  experimental  and calculated spectra;  a)  The  results  of  calculation for  
untreated  DNA structure – Raman spectrum and comparison with experimental  TERS spectrum and 
computed spectra of DNA with induced SSB of C–O bond, experimental TERS spectrum (Type 3: –5’ 
cleavage (O–C) in both DNA strands) b) the schematically showed theoretical molecular system where  
A–C pair were treated quantum mechanically and the additional six base pairs classically.
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Observed effect Experiment Theory

Deoxiribose-phosphate motion peaks

852 cm -1

908 cm -1

956 cm -1

1019 cm -1 

827 cm -1

920 cm -1

947 cm -1

1014 cm -1 
1054 cm -1 

δ(P–O–H)
ν (P–OH)

1180 cm -1 
1160 cm -1

1182 cm -1

1171 cm -1

δw(CH2)  δw(CH3)
δ

r
(CH2)

1350 cm -1 
1440 cm -1 

1376 cm -1

1443 cm -1 

ν (P–O–C) stretching in DNA backbone
ν(C–O)  Ribose - DNA backbone 1112 cm -1 

     
       -

νasy m(O-P-O)
νsy m(O-P-O)

1244 cm -1

1079 cm -1
1255 cm -1

1085 cm -1



The theoretical calculations confirm our experimental results. Already at first glance the 

reader can see the similar difference between the spectra of control and damaged DNA 

in both cases (experimental and theoretical spectra). The intensity of DNA backbone 

bands is higher in damaged DNA spectra than control.

All differences in the peak positions are presented in details in Table 3.2 The appearance 

of C–O–H bending and CH2, CH3 bending and wagging are observable in calculated 

spectrum of damaged DNA what confirmed our experimental results.

Major impact on the differences between collected and calculated spectra has:

• limited resolution of tip–enhanced Raman spectroscopy measurement,

• simplification  of  the  QM/MM  model  –  only  one  nucleic  pair  is  quantum–

mechanically treated.

Minor effects on the variability:

•  anharmonicity  effects  in  the  computations  (however  scaled  by  empirically 

determined factor) and incomplete description of electron correlations in DFT 

calculations,

•  use of a finite basis set.

3.4 Summary and Conclusions

A combination  of  Atomic  Force  Microscopy  (AFM)  and  Tip  Enhancement 

Raman Scattering (TERS) was applied to locate and investigate individual DNA Double 

Strand Breaks (DSB) – the most dangerous type of DNA damage. pUC18 plasmid DNA 

was fixed onto a silver coated mica surface and the susceptibility of various kinds of 

DNA backbone bonds  to  UVC radiation  investigated.  The  results  show that  broken 

DNA fragments are cleaved at the 3’– and 5’– bonds upon exposure to UVC radiation 

and the  Carbon–Oxygen bond in DNA backbone is the most sensitive to exposure to 

UVC radiation. Based on P–O–H, CH
2
 bending and CH

2
,  CH

3
 wagging observed in 

TERS  spectra  following  irradiation,  it  is  hypothesized  that  strand  fragments  are 

hydrogen–terminated at the lesion, indicating the action of free radicals during photon 

exposure. The combination of AFM and TERS technology enables both visualization 

and  molecular  characterization  of  DNA,  providing  a  new  modality  to  detect  and 

investigate these deadly lesions. The presented TERS methodology proves useful in the 
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studying the susceptibility of particular bonds to various kinds and energy of ionising 

radiation.
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Chapter IV
An investigation into an  interaction of living cells

with various kind of radiation
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4.1 Radiation damage detection in single cells and cellular response 
to radiation study

4.1.1 Motivation

The purpose of the study was to investigate the spectral changes that occur in 

single  cells  and especially DNA after  proton exposure.  Research on radiation dose–

dependent biological effects (such as DNA damage: single and double strand breaks 

cross–links, oxidative damage and conformational change) enhances the understanding 

of the mechanisms leading to cell death [Ugienskiene 2007]. However, in the low–dose 

range there is a gap in the knowledge related to the influence of ionising radiation on 

living organisms. The effect of a low–dose range is especially interesting because single 

cellular responses to ionising radiation lies at the basis of knowledge about the influence 

of ionising radiation to the whole body. The results presented in this thesis show the 

cellular  effects  in  response  to  ionising  radiation  and  the  potential  underlying 

mechanisms for these changes are discussed.

Current  practice  is  to  use  biochemical  assays  to  detect  damage  to  cellular 

components.  However,  these  methods themselves  may affect  the  biological  samples 

leading to changes in their structure due to non–physiological chemical substances and 

complex  preparation  procedures.  Moreover,  most  of  biochemical  methods  are  not 

intended to study the effect of radiation at the single cell level. Therefore, there is a need 

for  complementary  techniques  to  confirm  cellular  damage  arising  from  radiation 

exposure.  In  particular  microbeam facilities  are  an excellent  tool  for  radiobiological 

studies due to their ability to deliver precise doses of radiation to selected individual 

cells  in  vitro [Shettino  2005]. SR–FTIR  and  Raman  micro–spectroscopy  based 

techniques  are  well  known  for  their  uniqueness  as  noninvasive  tools  for  the 

identification of vibrational structure in biological materials and offer a novel way to 

examine radiation damage at the single cell level.

The application of SR–FTIR microspectroscopy to DNA damage in single cells is a 

new research  area.  The radiation  damage of  nucleic  acids  [Sailer  1996,  Dovbeshko 

2000], peroxidation in model phospholipid and membrane systems  [Sailer 1997] and 

structural changes in protein [Synytsya 2007] have previously been studied. Gault et al. 

[Gault  2003] detected  molecular  changes  during  apoptosis  from  gamma  irradiated 
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lymphocytes.

In this study the phosphodiester region (1300 cm–1 – 1000 cm–1) associated with the 

DNA backbone [Socrates 2004, Stuart 2006] was interrogated using FTIR and Raman 

spectroscopy. Dose–dependent changes in the form of changes in the relative intensities 

and  position  of  the  symmetric  and  asymmetric  phosphodiester  bands  and  other 

DNA/RNA marker bands have been previously detected.

Optimisation  of  molecular  spectroscopic  methods  to  study  radiation  damage  in 

single  cells  allows  the  fast,  simultaneous  detection  of  cellular  components  at  the 

molecular  level.  The spectroscopic approach enables  the detection of  DNA damage, 

which can be correlated to the types, energies and doses of radiation. 

3.1.2 Methodology

The objectives  of  the  proposed  project  were  achieved  in  the  following  way. 

Prostate cancer cells (PC–3 cell line) were irradiated with 1 MeV – 2 MeV protons from 

the proton microbeam, described below. Then, the cells were measured using SR–FTIR 

and the analysis of the vibrational spectra was performed in order to quantify damage to 

the DNA, proteins and lipids. The detailed plan is as follows: 

4.1.2.1 Cell line, cell culture 

Human prostate adenocarcinoma PC–3 line (Fig. 

4.1) is derived from bone metastases. The high degree of 

invasiveness characteristic of this cell line makes it an 

interesting model to study. PC–3 cells are deficient in 

the p53 gene, they are androgen–independent and poorly 

differentiated.

PC–3 cells were cultured in RPMI 1640 medium, 

supplemented with 10% of FCS (foetal calf serum), 100 

U/ml penicillin–streptomycin solution, 10 mM HEPES, 

1 mM sodium pyruvate and 4.5 mg/ml glucose (Sigma 

Aldrich, Stenheim, Germany). The cell culture was incubated at 37ºC in an atmosphere 

of 5% CO2. 
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Fig. 4.1  PC–3  cells line in  
transparent light (red  –  
death cell, PI positive).



4.1.2.2 Irradiation procedures

The  radiation  source  1  MeV –  2  MeV was  supplied  by the  Cracow proton 

microbeam using a Van de Graaff accelerator. The scheme of the microbeam with the 

Single Ion Hit Facility (SIHF) is presented in Fig. 4.2. Four doublets  of quadrupole 

lenses (2, 8) and three diaphragms (4, 5, 7) are used to focus the proton external beam to 

about 16 μm in diameter at the irradiated spot, which assures a targeting accuracy of 

92%. The silicon detector (ORTEC B–019–300–150) is used to count the number of 

protons (13). To visualise single cells a CCD camera is required (14). During the cell 

irradiation, the beam current is approximately 0.16 fA, which corresponds to about 1000 

protons per second [Polak 2006, Veselov 2006, Lipiec 2012]. Accelerated protons pass 

through the cells (12) to the surface of the detector, then after registration uisng a preset 

number of particles the high voltage is automatically applied to the capacitor (6) and the 

beam is deflected. 

Dealing  with  biological  materials  requires  special  care,  especially  when  the 

researcher  is  looking  for  small  molecular  changes  caused  by  minimal  influencing 

factors such as a low dose of ionising radiation.  Sample preparation might  have an 

influence on the molecular structure.
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Fig. 4.2 The scheme of  the proton microbeam and SIHF: 1 –Van de Graaff accelerator, 2 –quadrupole 
lenses , 3 – bending magnet, 4,7 –diaphragms, 5 – high precision diaphragm, 6 – deflecting plates, 8 –  
focusing lenses, 9 – chamber, 10 – LED, 11 – Si3N4 window,12 – Petri dish with cells on 3D moving 
stage , 13 – particle detector, 14 – microscope and CCD (figure adapted from [Lipiec 2009]).



For  proton  treatment,  cells  were  seeded  on 

specially  prepared  35  mm  diameter  Petri  dishes 

with 3 mm round holes and placed in the central 

part at the bottom of the Petri dish (Fig. 4.3).The 

Petri  dish  bottom was  covered  with  the  0.5  μm 

silicone nitride membrane using the glue (Master 

Bond EP 30 med, New York, USA). A population 

of  about  100 000  cells  in  50 μL  medium  was 

seeded on silicone nitride membrane 16 – 18 hours 

before the experiments. The experimental control 

group,  consisting  of  the  untreated  cells,  was 

cultured  and  seeded  under  the  same  conditions  (even  positioned  temporarily  in  the 

irradiation stand) with the exception of the irradiation itself. After exposure to ionising 

radiation the irradiated and untreated cells were washed in PBS and then fixed in 3.7% 

paraformaldehyde  either  immediately  (to  detect  DNA damage)  or  24  hours  after 

irradiation (for the cellular response study).

4.1.2.2.1 Deposited energy

Each cell was irradiated with 50 – 4000 protons, which means that 3.2 MeV – 

260 MeV of energy was deposited per single cell. Deposited energy  (averaged energy 

deposited  by proton  beam in  cell)  was  calculated  based  on  definition  of  the  linear 

energy:  Ē = n LET h, where n – number of protons deposited per one cell, LET – 

Linear  Energy  Transfer  of  2  MeV  or  1  MeV protons  (LET  (2  MeV) =  16  keV/μm, 

LET (1 MeV) = 24 keV/μm  counted by SRIM [1]) and d = 4 μm is averaged cell thickness 

measured by AFM microscopy. The energy range was chosen basing on the biochemical 

tests described below.

Twenty–four hours after irradiation, untreated and irradiated cells were observed under 

a fluorescent microscope (Olympus BX51). Two fluorescent dyes were used: Propidium 

Iodide (PI, Fluka) for the detection of necrotic cells and Hoechst 33342 (Sigma Aldrich, 

Steinheim,  Germany)  for  visualisation  of  apoptotic  cells.  Both  fluorochromes  are 

intercalating  agents.  Necrotic  cells  with  damaged  cell  membranes  are  PI  positive 

(Fig. 4.4c). When the cell membrane is disrupted, PI leaks into the cell and binds to the 
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Fig. 4.3 The Petri dish modified 
for irradiation procedure (figure 
adapted from [Polak 2006]).
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DNA and RNA, therefore only necrotic cells fluoresce red. Although all observed cells 

are  Hoechst  positive,  the  dye  was  employed  to  identify  nuclei  showing  apoptotic 

changes (Fig. 4.4b). Both markers, PI (1 μg/ml) and Hoechst (10 μg/ml) were added to 

the cells 15 min prior to microscopic evaluation.

A dose range was chosen based on the fraction of living PC–3 cells 24 hours 

after exposure to various numbers of protons (Fig 4.5). The choice of the proton source 

was dictated by the fact that the microprobe system enables single cell irradiation. The 

low energy of  radiation  was  applied  to  increase  the  probability  of  causing  damage 

(because of the high density of ionisation). 

4.1.2.3 SR–FTIR measurements

The properties of synchrotron radiation such as high flux, high brightness, small 

beam size (approx. 10 μm spot size) and low divergence emission (small opening angle) 
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Fig. 4.4 Fluorescent staining:  a) control PC–3, Hoechst positive cell nuclei, b) apoptotic, Hoechst  
positive cell nuclei irradiated by 200 protons per cell, c) necrotic PI positive and control Hoechst positive 
cell nuclei of PC–3 cells red area of  exposure to 3200 of 2MeV protons per cell (figure adapted from 
[Lipiec 2009]).

20 µ m 10 µ m 200 µ m
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Fig. 4.5 The fraction of living PC–3 cells after exposure to various numbers of  
protons (figure adapted from [Lipiec 2009]).
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are ideally suited for the non–destructive, in situ study of processes that are taking place 

in individual cells. The spectral analysis (in range from 1350 cm–1 to 950 cm–1) of DNA 

contained  inside  a  living  cell  is  difficult  for  conventional  FTIR  microspectroscopy 

because of attenuation of radiation from the sample holder windows, the water layer and 

the  cell  nucleus.  Application  of  synchrotron–based  FTIR  spectroscopy  solves  this 

problem because of the high flux and the hydrated state of the cell increases the signal 

intensity from DNA. 

All measurements were carried out at the IR microspectroscopy beamline at the 

Australian  Synchrotron.  The  beamline  instrument  used  in  this  study  was  a  Bruker 

VERTEX80  coupled  with  the  Vis/IR–  Hyperion  2000  microscope  controlled  via 

Brucker Opus 6.5 software. Measurements were conducted using a narrow–band, high 

sensitivity,  liquid  nitrogen  cooled  Mercury  Cadmium Telluride  (MCT)  detector.  An 

aperture of 11  µm x 11  µm was used. The FTIR spectra were taken in transmission 

mode  with  a  resolution  of  4  cm–1 in  spectral  range  4000  cm–1 –  600  cm–1 and  64 

interferograms co–added. The extended spectral range was necessary to allow the use of 

the Mie scattering correction algorithm, which improves the baseline of the spectra. 

Approximately 100 cells from each group of cells (control and treated by specific dose 

of ionising radiation) were measured.

3.1.2.4 Data processing

To improve the spectral baseline Resonant Mie Extended Multiplicative Scatter 

Correction (RMie–EMSC) was performed according to Bassan  et al. [Bassan 2010].  

Additionally baseline corrections were performed using  OPUS software,  version 6.5 

(Bruker  Optic,  USA).  Principal  Component  Analysis  (PCA)  was  performed  using 

Unscrambler  9.2 software (CAMO Norway).

4.1.3 Results

The results of radiation damage detection and the cellular response to radiation 

study are presented separately in next two sections.  

4.1.3.1 Damage detection

To  detect  DNA  damage  cells  were  fixed  just  after  irradiation.  Principal 

Component Analysis  (PCA) was applied to detect  general  clustering in the recorded 
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spectra of control and irradiated cells. A few models were performed. Initially, PCA was 

applied to spectra in the spectral range 1830 cm–1 – 1030 cm–1, however the Scores Plot 

presented in Fig. 4.6 does not show clear clustering between spectra of control cells and 

those exposed to ionising radiation. The clustering could not be observed because of the 

strong influence of the varying baseline, which has an influence on spectral shape and 

thus classification. This effect is confirmed by the corresponding Loadings Plots, which 

show overall pathlength differences and sloping baseline especially evident in PC–3.

Fig. 4.6 The results of PCA analysis applied to 5 groups of spectra (collected from control and irradiated  
with 4 various doses of protons, cells fixed just after the exposure) showing a PC–1 vs. PC–2 vs. PC–3 
three–dimensional Scores Plot with the corresponding Loadings Plots.

In the second model, the PCA was applied to the second derivative spectra in 

spectral range 1830 cm–1 – 1030 cm–1. The second derivatives were calculated using 

Unscrambler 9.2 (CAMO, Norway) software and using the Savitzky–Golay algorithm. 

The results are presented in Fig. 4.7.  An application of the second derivatives abolished 

the strong baseline influence, however observation of general clustering on the Scores 

Plot  is  still  difficult.  Cells  are  a  mixture  of  various  kinds  of  biomolecules,  and the 

observation of small changes might be obscured. The Loadings Plot shows the strong 

influence of bands assigned to the Amide I and Amide II modes, which indicates that the 

main differences in the spectra are the result of protein modifications or alternatively 

Mie scattering/dispersion effects. These changes are not strictly related just to exposure 

to ionising radiation, and the clustering is not easily observable in the Scores Plot.
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Fig. 4.7 The results of PCA analysis applied to 5 groups of second derivatives of spectra (collected from 
control and irradiated with four various doses of protons, cells fixed just after the exposure) showing  
three–dimensional Scores Plot along with the corresponding Loadings Plot.

The averaged spectra and their second derivatives of the control and irradiated 

cells  (four  various  numbers  of  protons)  are  presented  in  Fig.  4.8  and  Fig.  4.9, 

respectively.  The  additional  factor,  which  makes  the  spectral  changes  difficult  to 

observe is Mie scattering, which affects mainly the protein spectral region. The protein 

spectral  changes  will  be discussed  in  the next  chapter,  where  a  living cell  study is 

described and the effects  of  light  dispersion minimized in  the aqueous environment 

discussed. When living cells were measured in an aqueous environment the scattering 

did  not  affect  the  spectra  because  of  comparable  refractive  indexes  of  the  culture 

medium and cells.
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Fig. 4.8 The averaged spectra of control and irradiated with 4 various number 
of protons cells, fixed just after exposure to ionising radiation.
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In  the  next  step  of  data  processing,  PCA was applied  to  the  spectral  region 

associated with DNA backbone vibrations (from 1300 cm–1 – 1030 cm–1). The Scores 

Plot  and  corresponding  Loadings  Plot  are  shown  in  Fig.  4.10.  The  Loadings  Plot, 

especially PC–2 indicates  that the baseline can affect the spectral shape reducing the 

ability of PCA to classify spectra of radiation exposed cells. For that reason, the PCA 

was performed on second derivatives of the raw spectra. The scores and Loadings Plot 

are presented in Fig. 4.11.

Fig. 4.10 The results of PCA applied to 5 groups of spectra (control and irradiated with four various  
doses of protons) in the DNA backbone band showing a three dimensional Scores Plot along with the  
corresponding Loadings Plot. 
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Fig. 4.9 The averaged second derivatives of spectra collected from control and irradiated with 
4 various number of protons cells, fixed just after exposure to ionising radiation.
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After pre–processing with second derivatives the Scores Plot shows the clustering, even 

cells irradiated with just 50 protons are separated into a distinct cluster (Fig 4.11). This 

PCA model  demonstrates  that  proton  irradiation  affects  the  cellular  spectra  in  a 

consistent and reproducible manner. Five distinct clusters, corresponding to five groups 

of cells (irradiated by four various proton doses and the untreated ones), were identified. 

PCA indicated that PC–1 (corresponding to the 73% of the total variance) has a 

positive  correlation  with  wavenumber  values  attributed  to  vibrations  of  DNA base–

sugar bonds C–O–P furanose – DNA backbone stretching vibration (1110 cm–1), O–P–O 

symmetric stretching (1095 cm–1 –  1080 cm–1),   O–P–O stretching (1170 cm–1),  and 

O–P–O  asymmetric  stretching  in  DNA (1245  cm–1 –  1230  cm–1).  These  bands  are 

correlated with positive PC–1 scores for control and cells irradiated by 20, 200 and 400 

protons.

Fig. 4.11 The results of PCA analysis applied to 5 groups of second derivatives of spectra (control and  
irradiated  with  four  various  doses  of  protons)  showing  a  three–  dimensional  Scores  Plot  with  the  
corresponding Loadings Plot.
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Second derivatives of spectra  (Fig. 4.12) indicate a dose dependent shift of the 

O–P–O stretching modes 1095 cm–1 – 1092 cm–1  and 1172 cm–1 – 1168 cm–1 with a 

change of O–P–O asymmetric stretching in the nucleic acids are considered as evidence 

of  DSB  [Dovbeshko  2000,  Meade  2010a], possibly  resulting  from  chromatin 

fragmentation. The DNA fragmentation is a natural consequence of a high number of 

DSBs  [Ugenskiene  2007].  Those  shifts  of  the  phosphate  stretching  peaks  might  be 

caused  by  the  local  conformational  changes  of  the  DNA  [Sailer  1996].  Local 

conformational changes are associated to the base damage [Geacintov 2010]. 

4.1.3.2 Cellular response to radiation study

 To study the cellular response after exposure to ionising radiation the cells were 

prepared and irradiated according to procedure described above. After irradiation they 

were incubated at 36ºC for 24 hours and then fixed in 3.7% paraformaldehyde. PCA 

was applied to investigate the response to radiation exposure. The application of PCA to 

raw spectra confirmed that the baseline impacts on the clustering. PCA performed on 

the second derivatives improved the clustering. In a 3–dimensional PCA Scores Plot the 

control cell spectra clustered separately from the irradiated cell spectra (Fig. 4.13). The 

Loadings  Plots  show strong changes  in  protein  structure as  well  as  DNA backbone 

bands. PC–1 explaining 49 % of total variance has a positive correlation with δ(CH
2
) in 

lipids: α–methylene, conformation of the linkage to the glycerol (1401 cm–1), δ(CH
3
) in 
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Fig. 4.12 The averaged second derivatives of spectra collected from control and irradiated 
with 4 various number of protons cells, fixed just after exposure to ionising radiation.
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lipids (1453 cm–1) Amide II (1517 cm–1, 1559 cm–1), and Amide I (1650 cm–1). 

Fig. 4.13 The results of PCA applied to 5 groups of spectra (control and irradiated with 4 various doses  
of  protons  and  then  incubated  for  24  hours).  The  three–dimensional  Scores  Plot  along  with  the  
corresponding Loadings Plot are presented.

The averaged spectra of control and irradiated cells after 24 hours incubation are 

presented in Fig. 3.14 and their second derivatives are shown in Fig. 3.15. Based on the 

comparison and the PCA results it is hypothesised that irradiation with just 50 protons 

induces  a  strong  cellular  response.  The  main  differences  between  spectra  of  cells 

irradiated by 50 protons and the other spectra  observable  by SR–FTIR are in  DNA 

backbone region and therefore were analyzed separately. 
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Fig. 4.14 The averaged spectra, collected from control and irradiated with 4 
various number of protons cells, and incubated for 24 hours prior fixation.

3200 3100 3000 2900 2800 1800 1700 1600 1500 1400 1300 1200 1100
0,00

0,05

0,10

0,15

0,20

0,25
 control
 50 p / 24h
 200 p / 24h
 400 p / 24h
 2000 p / 24h

A
bs

or
ba

nc
e 

[a
. u

.]

Wavenumber [cm -1]

1100 1200 1300 1400 1500 1600 1700 1800

-0,4

-0,2

0,0

0,2

0,4

0,6

16
22

16
54

16
50

16
92

17
02

16
58

15
49

14
80

15
17

14
69

16
45

14
30

14
01

11
70

14
53

13
11

Lo
ad

in
g 

[a
. u

.]

Wavenumber [cm -1]

 PC-1
 PC-2
 PC-3

12
38



The results of the PCA model are presented in Fig. 4. 16. The Scores Plot shows 

clustering between all groups of spectra although there is no clear boundary between the 

clusters corresponding to the DNA region of cells irradiated with 200 and 400 protons 

indicating DNA damage induces a similar response. It was expected that the spectra of 

cells irradiated with 50 protons would be slightly different to the other spectra. PC–1, 

which explains 72% of total variance, has a positive correlation with O–P–O symmetric 

and  asymmetric  stretching  (1083  cm–1,  1170  cm–1 and  1236  cm–1)  and  the  C–O 

stretching  between  sugar  and  the  DNA backbone  (1058  cm–1).  These  bands  are 

correlated with positive PC–1 scores for control and cells irradiated by 4000 protons 

indicating that after exposure to 4000 protons the damage was too strong to start the 

repair process.

Second derivative analyses of the spectra (Fig. 4.17) indicate a higher intensity 

of  the  O–P–O  stretching  motions  in  spectra  of  cells  irradiated  with  50  protons. 

Sailer et al. reported that increasing of DNA backbone bands intensity is associated with 

DNA multiple breakages [Sailer 1996]. The comparison of averaged second derivative 

spectra  collected  from the  cells  fixed  just  after  irradiation  (Fig  4.9,  Fig  4.12)  and 

24 hours post the irradiation (Fig. 4.15, Fig. 4.17) enabled the separation of the spectral 

features characteristic for cellular response and those ones which are characteristic for 

the  radiation  damage.  Shifts  of  υasym(O–P–O)  to  the  higher  wavenumber  value  is 

associated to changes in the DNA conformation: from the B–DNA form to the A–DNA 

form.  This  effect  was  observed  in  spectra  of  cells  fixed  just  after  irradiation  and 
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Fig. 4.15 The averaged second derivative spectra collected from control and 
irradiated with 4 different numbers of protons per cell, and incubated for 24 hours 
prior fixation.
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indicates  local  changes  associated  to  base  damage  [Sailer  1996]. Spectra  of  cells 

incubated  for  24  hours  post  irradiation  show  that  some  of  the  DNA  changed 

conformation  because  of  the  DNA repair  process  [Gault  2007,  Giambattista  2010,  

Pozzi  2007]. However,  hydration  will  have  an  influence  on  DNA conformation  as 

evidenced by changes in the υasym(O–P–O) band position [Whelan 2011]. Thus hydration 

effects  might  confound  the  detection  of  conformational  changes  in  fixed  dry  cells. 

However, DNA conformational changes associated to radiation exposure were detected 

before in fixed dry cells [Gault 2005, Gault 2007, Giambattista 2010, Pozzi 2007]. In 

the averaged spectra  of cells  irradiated by 50 and 200 protons  an increasing of the 

Amide II band intensity and a shift from 1545 cm–1 (control and irradiated with 400 and 

2000 protons) to  1549 cm–1 was observed.  This effect  might  be associated with the 

cellular  response to  radiation,  because enzymes involved in  DNA repair  are  mainly 

proteins.  The  spectral  changes  of  Amide  I  and  Amide  II  bands  are  considered  as 

evidence of apoptosis or cellular response to damaging factors markers [Holman 2000,  

Gault  2005,  Giambattista  2010,  Pozzi  2007,  Bellisola  2012], however,  interpreting 

these bands is fraught with danger because of the strong Mie scattering influence in this 

spectral region [Bassan 2009a, Bassan 2009b, Bassan 2010].

Fig. 4.16 The results of PCA analysis applied to 5 groups of DNA backbone region of spectra (control  
and  irradiated  with  4  various  doses  of  protons  and  then  incubated  for  24  hours)  showing   three  
dimensional Scores Plot with the corresponding Loadings Plot.
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The  analogous  experiment  was  performed  on  PC–3 cells  irradiated  with  the 

same  number  of  1 MeV  protons.  The  Scores  Plot,  presented  in  Fig.  4.18,  shows 

clustering  more  clearly  than  in  previous  experiments  where  2 MeV  protons  were 

applied. A two-fold decrease of proton energy resulted in a 1.5 times increase in energy 

deposited onto the cells. In the range of the applied energies and numbers of protons, 

the results  indicate  that  the more energy delivered to  the cells  the stronger  the cell 

response to the radiation. The Loading Plots show that the same bands are responsible 

for general clustering. To observe if there is any variability between spectra collected 

from the cells irradiated with the same doses but different energies another PCA model 

was generated. Fig. 3.19 shows four distinct clusters corresponding to four groups of 

spectra:  1)  control  cells,  2)  cells  irradiated  by  1333 x 1 MeV  protons,  which  is 

equivalent  to  ~128  MeV  of  energy  deposited  in  each  cell,  3)  cells  irradiated  by 

2000 x 2 MeV protons, which is equivalent to ~128 MeV of energy deposited in each 

cell, 4) cells irradiated by 2000 x 1 MeV protons, which is equivalent to ~192 MeV of 

energy deposited in  each cell.  These results  confirm that the cellular  response from 

exposure to ionising radiation is dependent on the energy deposited in the cells and the 

DNA cross–section to damage induction. 
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Fig. 4.17 The averaged second derivatives of spectra collected from control and irradiated with 4 
different numbers of protons per cell, fixed 24 hours after exposure to ionising radiation. 
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Fig. 4.18 The results of PCA applied to 4 groups of spectra (control and irradiated with 4 doses of 1 MeV  
protons and then incubated for 24 hours) in the DNA backbone region showing the three–dimensional  
Scores Plot along with the corresponding Loadings Plot .

Fig. 4. 19 The results of PCA analysis applied to 4 groups of second derivative spectra in spectral range  
from 1030 cm–1 – 1300 cm–1 showing a three–dimensional Scores Plot 1) control (green), 2) irradiated by  
1333 × 1 MeV protons,  equivalent  to  ~128  MeV of  energy  deposited  in  each  cell  (black),  3)  cells  
irradiated by 2000 × 2 MeV protons, equivalent to ~192 MeV of energy deposited in each cell (open  
blue), 4) cells irradiated by 2000 × 1 MeV protons, equivalent to ~128 MeV of energy deposited in each  
cell (pink) and then incubated for 24 hours. The corresponding Lodings Plot is shown in the second 
panel. 

4.2 Bystander effect study

4.2.1 Motivation

For  a  long  time,  people  believed  that  cellular  response  to  ionising  radiation 

treatment  such  as  cell  death,  cytogenetic  changes,  apoptosis,  mutagenesis,  and 

carcinogenesis, concerned just cells directly affected by the damaging factor. However, 
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further  research  shows  that  these  processes  could  also  affect  the  cells  not  directly 

exposed to  ionising radiation.  Nagasawa and Little  detected for  the first  time small 

increases in sister chromatid exchange frequency in approximately 30% of the analysed 

cells,  whereas  less  than 1% of the cell  nuclei  were irradiated by one alpha particle 

[Nagasawa  1992]. This  effect,  called the  “bystander  effect”  or  “radiation–induced 

bystander effect” (RIBE), is schematically shown in Fig. 4.20. The effect is caused by 

agents and signals emitted directly by irradiated cells and manifests as a lowering of 

survival, cytogenetic damage, apoptosis enhancement, and biochemical changes in the 

neighbouring non–irradiated cells. The mechanism of cellular communication is very 

complex and still poorly understood. It seems that the RIBE may have important clinical 

implications in low–dose radiological and radioisotope diagnostics and in the creation 

of whole–body or localised side effects in tissues and organs [Wideł 2009, Prise 2005].  

The bystander effects could be observed also in cells by transferring of culture medium 

from the flask with irradiated cells  [Mothersill 1997, Zhou 2002]. FTIR spectroscopy 

was applied by Gault  et  al. to  study cells  irradiated by alpha particles compared to 

unexposed  controls  that  are  neighbouring  the  irradiated  cells.  In  both  groups  of 

investigated cells spectral changes were detected including shifts in the phosphodiester 

and Amide I and II bands  [Gault 2007]. However, in their work a globar source was 

used,  not  allowing  for  single  cells  measurements  with  good  signal–to–noise  ratio 

[Miller 2006]. This study employs two techniques ideally suited to single cell analysis 

in the form of SR-FTIR microspectroscopy and a microprobe radiation source, which 

make excellent tools to study the bystander effect. In this study each cell is treated as an 

individual part of the population, single cells were irradiated with the microprobe and 

investigated  by SR–FTIR.  The  data  is  analysed  using  PCA and the  Loadings  Plots 

interpreted based on functional group theory of biological molecules.
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Fig 4.20 Schematically showed the RIBE idea.



4.2.2 Methodology

The PC–3 cell line was used as a biological model in the bystander effect study. 

Single  cells  were  irradiated  using  the  Cracow  proton  microbeam  and  then  after 

incubation  time  (0h,  24  h),  were  fixed  and  measured  by  SR–FTIR  at  the  FTIR 

microspectroscopy beamline  at  the  Australian  Synchrotron.  Irradiation,  fixation  and 

SR–FTIR  measurement  were  performed  according  to  procedures  described  in  the 

previous  section  (section  3.1  above).  Cells  treated  directly  by  protons  and  cells 

neighbouring irradiated ones were investigated by FTIR microspectroscopy. Irradiated 

cells  were  located  on  a  rectangular  area  300  µm  x  400  µm  on  a  silicone  nitride 

membrane. The neighboring cells were located just outside this area at a distance of not 

more than 500 µm from those treated directly by radiation. The spectra were processed 

in exactly the same way as described in section 3.1. 

4.2.3 Results

In the first experiment PCA was applied to spectra collected from samples fixed 

just  after irradiation. Two separate models were constructed for two different proton 

does. The PCA was performed in 1830 cm–1–1030 cm–1 region and additionally in just 

the DNA backbone region (1300 cm–1–1030 cm–1). In all PCA Scores Plots just two 

distinct clusters were observed, corresponding to spectra of irradiated and control cells, 

with an interface between them, corresponding to the neighbouring cells. The typical 

results for cells treated with 400 protons, are presented in Figures 4.21 and 4.22.
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 Fig 4.21  The results of PCA analysis applied to 3 groups of second derivatives of spectra (control,  
irradiated  with  400  of  2  MeV protons  and  neighboring  to  irradiated,  fixed  just  after  exposure  to  
radiation) in spectral range from 1830 cm–1 – 1030 cm–1, showing  three dimensional Scores Plot with the  
corresponding Loadings Plot.

 Fig 4.22 The he results of the PCA analysis performed on 3 groups of second derivative spectra (control,  
irradiated  with  400  of  2  MeV protons  and  neighbouring  to  irradiated,  fixed  just  after  exposure  to  
radiation) in the spectral range from 1300 cm –1 – 1030 cm –1, showing a PCA three–dimensional Scores  
Plot with the corresponding Loadings Plot.

These results confirmed the targeting accuracy of the Cracow proton microbeam 

as well as the merit of coupling SR–FTIR with PCA as a tool to study radiation damage 

in single cells and cellular populations. 

The  same  type  of  statistical  analysis  was  applied  to  spectra  of  fixed  cells: 

control,  cells  treated  with  various  numbers  of  protons  and  neighbouring  unexposed 

cells. After irradiation all cells were incubated for 24 hours. The results of the PCA for 

some groups of cells are presented in Fig. 4.23 – Fig. 4.25. Based on the Scores Plots 

the  number  of  cells  affected  by the  bystander  effect  was  calculated  for  all  applied 
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dosages.  The  plot  presented  in  Fig.  4.26  shows  the  percentage  of  cells  that  are 

neighbouring  irradiated  cells  spectra,  which  are  grouped  by PCA together  with  the 

irradiated ones for the two different spectral ranges. The spectral changes associated 

with cells irradiated by protons were described in previous section of this chapter (4.1).

Fig 4.23 The results of PCA analysis applied to 3 groups of second derivative spectra (control, irradiated  
with 50 × 2 MeV protons and neighbouring to irradiated, fixed 24 h after exposure to radiation cells) in  
the  spectral  range  from  1830  cm–1 –  1030  cm–1,  showing  three–dimensional  Scores  Plot  with  the  
corresponding Loadings Plot.

Fig 4.24  The results of PCA applied to 3 groups of second derivative spectra (control, irradiated with  
400  × 2 MeV protons and neighbouring to irradiated, fixed 24 h after exposure to radiation cells) in  
spectral  range  from  1300  cm–1 –  1030  cm–1,  showing  three  dimensional  Scores  Plot  with  the  
corresponding Loadings Plot.
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Fig 4.25 The results of PCA analysis applied to 3 groups of second derivative spectra (control, irradiated  
with 400 × 2 MeV protons and the neighbouring cells next to the irradiated, fixed 24h after exposure to  
radiation) in spectral range from 1300 cm–1 – 1030 cm–1, showing three–dimensional Scores Plot with the 
corresponding Loadings Plot.

Fig 4.26 The percentage of bystander affected cells for various kinds of applied number of protons and 

two proton energies.

The percentage of the bystander cells for versus the applied number of protons 
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with two different energies is presented in Fig. 4.26. All applied proton doses stimulate 

the cells and in all cases the bystander effect was observed. The highest percentage of 

cells affected by the bystander effect was detected for cells irradiated with 400 × 2 MeV 

protons. 

This  kind  of  ionising  radiation  treatment  stimulates  cells  to  activate  their 

communication pathways.  It seems that an application of higher numbers of protons 

does not cause an increase in the number of bystander affected cells. The bystander 

effect was investigated in the PC–3 cell line before [Hyer 2003].  

The results confirm that the application of SR–FTIR coupled with PCA analysis 

can be applied to study the bystander effect, delivering information about the percentage 

of affected cells and also information about the molecular changes in proteins, lipids 

and nucleic acids involved it this process. 

4.3 Monitoring UV induced damage in single cells using SR–FTIR

4.3.1 Motivation

Excessive exposure to ultraviolet (UV) radiation from the Sun leads to DNA 

damage, which can result in skin cancer. DNA damage of cells by UVB radiation causes 

pyrimidine  dimer  formation  and  generates  photoproducts,  both  of  which  distort  the 

double–helical structure of DNA [Jiang 2009, Kraft 2011, Kim 2010, Sileman 2000]. 

The  hypothesis  that  FTIR spectroscopy could  be  a  powerful  method  to  assess  UV 

induced DNA conformational damage in single living cells and single isolated cellular 

nuclei was tested and confirmed. 

The  incidence  in  skin  cancer  has  increased  over  the  past  decade.  Globally, 

melanoma skin cancers afflicts  2 – 3 million people per annum, while non–melanoma 

skin cancers account for 132,000 each year. One in every three cancers diagnosed is a 

skin cancer. The highest risk group is white Caucasian people living in sunny areas such 

as Australia and the USA. Skin cancers account for 80% of all newly diagnosed cancers 

with two in three Australians diagnosed with skin cancer by the time they are 70. GPs in 

Australia have over 1 million patient consultations per year for skin cancer and around 

434,000 people are treated for one or more non–melanoma skin cancers. According to 
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Skin Cancer Foundation Statistics, one in every five Americans will develop skin cancer 

in their lifetime. [4]

Many studies have shown that UVA (ultraviolet–A: 320–400 nm) and UVB (ultraviolet–

B: 280–320 nm) components are responsible for the induction of human skin cancers 

[Sinha 2002]. The solar radiation that reaches the face of the Earth consists of 95% 

UVA and 5% UVB light. Solar irradiation produces different types of DNA lesions such 

as  cyclobutane  pyrimidine  dimers,  pyrimidine–pyrimidine  (6–4)  photoproducts,  and 

thymine  glycols.  Whereas  UVB light  mostly  produces  pyrimidine  dimers  by direct 

action, which can result in alpha–helical conformational changes. UVA rays generate 

oxidative DNA damage indirectly by the generation of reactive oxygen species [Moller  

1996]. Current methods applied to investigate DNA damage mainly involve extraction, 

isolation and purification of the DNA prior to performing single cell gel electrophoresis 

or AFM. The advantage of using synchrotron FTIR is that the DNA can be examined in  

situ while the cells are still functional. To the best of my knowledge there have been 

only a few other FTIR studies that which investigated cellular damage in response to 

UVB irradiation [Pozzi 2007, Giambattista 2010, Ali 2013].

In the study by Pozzi et al. and Giambattista et al. [Pozzi 2007, Giambattista 2010] only 

UVB was investigated,  and  therefore does  not  mimic  sunlight  directly,  which  is  an 

important aspect of the presented study. Moreover, in that study a population of cells 

was investigated with Attenuated Total  Reflectance (ATR) whereas in this  study the 

analysis of single cells and single extracted nuclei was performed. Isolation of the nuclei 

enabled the protective capacity of the cell to be studied and demonstrated that DNA 

conformation  under  different  exposure  times  could  be  maintained.  The  ATR–FTIR 

system in Giambattista et al. and Pozzi et al. has a depth of penetration of 2–3 microns. 

Clearly this would not allow the interrogation of the entire nucleus and one could argue 

that if the cell is 20 micron in diameter then they would at best access to the cytosol and 

could  miss  the  nucleus  entirely.  Nevertheless,  they  did  report  significant  changes 

occurring within the DNA that were attributed to changes in the alpha–helical structure. 

Ali  et  al. applied  Raman spectroscopic  mapping coupled  with statistical  analysis  to 

study  skin  damage  caused  by  solar  radiation.  The  human  skin  model  consists  of 

keratinocytes  and  dermal  fibroblasts.  Samples  were  irradiated  using  an  Oriel  solar 
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simulator (54.88 W/m2 UVA, 2.18Wm2 UVB). The K–means cluster analysis of Raman 

spectral maps indicates that morphological differences between various types of cells 

determines  the  clustering  of  irradiated  and  not  exposed  to  radiation  samples.  Four 

clusters  were  differentiated  in  both  cases.  Observed  radiation  exposure  dependent 

changes  indicated  the  absence  of  DNA peaks  in  spectra  recorded  from  irradiated 

samples.  The  researchers  concluded  that both  DNA damage  and  changes  in  lipidic 

content are a consequence of solar radiation exposure. [Ali 2013]  

The current study lays the foundation for understanding how sunlight can damage cells 

at the macromolecular level and provides a new approach to monitor UV induced DNA 

damage at the single living cell level.

4.3.2 Methodology

4.3.2.1 Cells and nuclei

Human skin melanoma COLO 679 cell line (ATCC PCS–200–013) were used as 

the cell line in this study. Due to the high radiosensitivity of these cells they make an 

excellent  model  for  exposure  studies.  Cells  were  cultured  according  to  standard 

procedures in RPMI 1640 supplemented with 2mM Glutamine and 10% of Fetal Bovine 

Serum (FBS).

Cellular nuclei were extracted for comparison after appropriate incubation time (24 h 

and 48 h), following the procedure described by Junaid et al. [Junaid 2007]. Cells were 

trypsinised  centrifuged (4 min,  1400 r.p.m) and then suspended in  ice–cold nuclear 

extraction buffer [320 mM sucrose, 5 mM MgCl2, 10 mM HEPES, and 1% Triton X–

100 (pH 7.4)] The suspension was vortexed gently for 10 s and incubated on ice for 10 

min. Nuclei were collected by centrifugation at 2 000 g and washed twice with nuclear 

wash buffer [320 mM sucrose, 5 mM MgCl2 and 10 mM HEPES (pH 7.4)]. Freshly 

isolated nuclei were suspended in saline solution for the measurement.

4.3.2.2 "Laboratory sun" light exposure

UV  radiation  (UVR)  was  provided  by  a  single  Q–Panel  fluorescent  tube 

(UVA–340, Q–PANEL CO. USA). The polymer filter was applied to cut out the UVC 
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radiation. The ultraviolet radiation (UVR) spectrum is presented in Fig. 3.27. The tubes 

were installed in a batten luminare suspended so that the fronts of the fluorescent tubes 

were positioned directly in front of Petri dishes containing the cell samples.

The distance between radiation sources and the samples was set to 1.5 cm to 

determine the power density of UVB and UVA radiation, which was ~2.44 W/m2 and 

UVA, ~2.96 W/m2, respectively. Based on the applied irradiation times: 24 seconds, 4 

minutes and 40 minutes the doses were calculated for comparison with the minimum 

doses of UVR causing redness of Caucasian (295 J/m2),  Asian (200 J/m2) and Afro–

American (765 J/m2) skin types.

Table 4.1 Applied doses of UVR.

Power density [W/m2] Dose [J/m2]
Irr. time 24 sec Irr. time 4 min Irr. time 40 min

2.44 58.48 584.81 5848.05
2.96 71.07 710.69 7106.85

Three types of substrates were applied: 

1.     10 mm diameter  calcium fluoride windows (1 mm thickness)  for  the  living 

cells study,

2.     35 mm Petri dishes for isolated nuclei study, 
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Fig. 4.27 The Power density of all UVA and UVB wavelengths  measured 
by the sensor in two different positions. 
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3.     aluminium  coated  35 mm  Petri  dishes  for  Raman  microspectroscopic 

measurements.

For radiation exposure cells were seeded onto substrates  for 24 hours prior treatment. 

Monocytes  were  irradiated  as  a  monolayer  (to  irradiate  each  cell  equally).  Before 

radiation exposure most of the culture medium was removed, leaving 300 µL to prevent 

drying. Three different irradiation times were applied: 24 sec, 4 minutes and 40 minutes.

After irradiation 2 ml of culture medium was added to each dish and the cells incubated. 

Two incubation times were applied: 24 and 48 hours. Cellular nuclei were extracted 

from the cells after the appropriate incubation time (24 and 48 h).

SR–FTIR measurements were performed at FTIR microspectroscopic beamline 

at  the  Australian  Synchrotron.  Measurements  were  performed  using  the  system 

described  in  the  previous  chapter.  Spectra  were  taken  in  transmission  mode with  a 

resolution of 4 cm–1 and in the spectral range 4000 cm–1 – 600 cm–1. 

Cells  were  also  investigated  with  Raman micro–spectroscopy.  A WiTec alpha300 R 

confocal Raman Microscope equipped with Nd–Yag 532 nm laser and the 60x water 

immersion objective was used for measurements of cells and nuclei. The laser exposure 

time was set to 40 sec with 30 mW of power at the sample. Single channel spectra were 

taken with a resolution of 2 cm–1 in the spectral range 4000 cm–1 – 200 cm–1. 

Two– and three–dimensional Raman maps were recorded using the same instrument, 

with the spatial resolution achieving the diffraction limit, which for a confocal system is 

~d=λ/2 ~270 nm). The step–size was 250 nm in the sample plane (xy direction) and 0.8 

μm in z direction. The laser exposition time was set to 2 sec. The applied laser power 

was 10 mW – 20 mW.

All Raman and IR spectra were processed in Opus 6.5 software. Smoothing (number of 

smoothing points: 13) and baseline correction (rubber–band correction, baseline points: 

16, number of iterations 2–3) were applied.

4.3.3 Results

First,  the  averaged  SR–FTIR  spectra  of  cellular  nuclei  are  presented.  The 

cellular nuclei were earlier investigated using SR–FTIR by Pijanka  et al. Researchers 
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achieved for the first time the spectra of single isolated cellular nuclei with good signal 

to noise ratio[Pijanka 2009]. Nuclei are less complex than whole cells, and the results 

are more dramatic. A comparison of averaged spectra and their corresponding second 

derivatives of the control cell and isolated cellular nuclei are presented in Fig. 4. 28 and 

Fig. 4. 29. The spectral shape is similar, however in nuclei spectra the DNA bands are 

more clearly defined including the O–P–O stretching modes at 1088 cm–1, 1170 cm–1, 

1230 cm–1 and C–O stretching at 970 cm–1 as well as the base stacking mode: C=O 

stretching in purines and pyrimidines rings at 1713 cm–1. 
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 Fig. 4.28 The averaged spectra collected from single control COLO–679 cells  
and single isolated cell (COLO–679) nuclei.
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Fig. 4.29 The averaged  second derivatives of spectra collected from single control  
COLO–679 cells and single isolated cell (COLO–679) nuclei.
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4.3.3.1 Dose dependent response to UV radiation studied by SR–FTIR in  

  isolated cellular nuclei

The single isolated (24 hours post irradiation) cellular nuclei spectra and their 

second derivatives are presented in Fig. 4.30 and Fig. 4.31. UV dose dependent spectral 

changes are observed and include:

• intensity decreasing of the C=O stretching mode at 1713 cm–1 caused by base–

pair damage such as purine, pyrimidine dimers formation, 6–4 lesion,

• shift of the O–P–O asymmetric stretching from 1230 cm–1 to 1240 cm–1, which is 

associated with conformation change in some amount of the DNA from the B–

DNA to  A–DNA form  [Whelan  2011,  Whelan  2013],  which  could  play  an 

important role in the resistance to DNA damage [Lee 2008],

• intensity increasing of Amide II at 1549 cm–1  possibly related to DNA repair, 

because the enzymes involved in DNA repair are mainly proteins and increasing 

the amount of protein should increase the intensity of Amide II peak in FTIR 

spectrum.

• intensity  decreasing  of  O–P–O  symmetric  and  asymmetric  stretching  mode 

(1088  cm–1 and  1230  cm–1 –  1240  cm–1)  observed  for  cells  irradiated  for  4 

minutes  and  40  minutes,  which  could  be  associated  with  the  fact  that  after 

radiation exposure the cells  are stopped in the G1 phase during DNA repair. 

Cells  in  the  G  Phase  show  lower  intensities  of  bands  associated  with 

phosphodiester motions [Holamn 2000, Whelan 2013].
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The PCA models were applied to the second derivatives of nuclei spectra in the 

spectral range from 1800 cm–1 – 1030 cm–1. The results are presented in Fig. 4.32. In this 

PCA model the DNA backbone bands were investigated together with bands from the 

protein modes. Four clusters for the four groups of spectra are well delineated on the 
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Fig. 4.31The averaged  second derivatives of spectra collected from single 
isolated COLO–679 cellular nuclei, control and irradiated with 3 various 
UV doses, then incubated for 24 hours.
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Fig. 4.30 The averaged spectra collected from single isolated COLO–679 
cellular nuclei, control and irradiated with 3 various UV doses, then 
incubated for 24 hours.
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PC–1 vs. PC–2 Scores Plot. PC–1 explains 63 % of total variance and it is positively 

correlated with a  band at  1222 cm–1 characteristic  for  control  nuclei  and negatively 

correlated with band at 1244 cm–1 typical for nuclei isolated from irradiated cells. PC–2 

explains  11% of  total  variance  and  is  positively correlated  to  a  band at  1244 cm–1 

associated with spectra of irradiated cells. The Loadings Plot confirms that phosphate 

motions, the base stacking mode and the intensity of Amide II band are responsible for 

general clustering observed in the Scores Plot. 

Fig. 4. 32 The results of PCA analysis showing a PC–1 vs. PC–2 two–dimensional Scores Plot with the 
corresponding Loadings Plot for PC–1 and PC–2 applied to 4 groups (nuclei isolated from control and  
irradiated with three different doses of protons and incubated for 24 hours cells) of second derivative  
spectra in spectral range 1030 cm–1 – 1800 cm–1 .

The single isolated (48 hours post–irradiation) cellular nuclei spectra and their 

second derivatives are presented in Fig. 4.33 and Fig. 4. 34. Forty–eight hours after 

irradiation the UV dose dependent spectral changes are similar to those observed 24 

hours post irradiation. The main observations are:

• intensity decrease in the base stacking mode at 1713 cm–1 in spectra of nuclei 

isolated from cells irradiated for 4 minutes and 40 minutes, probably related to 

base damage ,

• shift in the O–P–O asymmetric stretching band from 1227 cm–1 to 1242 cm–1, 

which is associated with the fact that some DNA changes conformation from B–

DNA to A–DNA. [Whelan 2011, Lee 2008],
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• intensity increasing of Amide II band at 1549 cm–1, which indicates and increase 

in activity of DNA repair enzymes in the G1phase [Whelan 2013],

• intensity decrease of the O–P–O bands observed for nuclei isolated from cells 

irradiated for 4 minutes and 40 minutes, possibly associated with the fact that 

after exposure to radiation cells  have stopped in the G1 phase during the DNA 

repair stage. 
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Fig. 4.33 The averaged second derivative spectra collected from single 
isolated COLO–679 cellular nuclei, including control and irradiated with 
3 different UV doses, then incubated for 48 hours.
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Fig. 4.34 The averaged second derivative spectra collected from single 
isolated COLO–679 cellular nuclei, control and irradiated with 3 different  
UV doses, then incubated for 48 hours. 
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PCA was applied to the second derivative nuclei spectra in the spectral range 

from 1800 cm–1 – 1030 cm–1.  The results  are presented in Fig.  4.35.  The spectra of 

nuclei  isolated  from control  and  irradiated  for  24  seconds  with  UVR are  clustered 

together, it seems that cells irradiated with 24 seconds already have repaired the DNA 

damage after 24 hours. There is no well defined boundary between clusters of spectra of 

nuclei isolated from cells irradiated for 4 minutes and 40 minutes. This could mean that 

the cellular response including DNA repair and protein interaction is similar in those 

two  groups  of  cells,  indicating  similar  chemical  processes  are  involved  following 

cellular exposure to UVR. The general separation occurs along PC–1, which explains 

75%  of  total  variance.  PC–1  is  positively  correlated  with  the  band  at  1224  cm–1 

characteristic for control nuclei and nuclei isolated from cells irradiated for 24 seconds 

and negatively correlated with band at 1244 cm–1 typical for nuclei isolated from cells 

irradiated by UV for 4 and 40 minutes. Both loadings are positively correlated to C=O 

stretching mode in lipids, which indicates that lipids are involved in the DNA repair 

process. To confirm this hypothesis the PCA was applied to the CH
2
, CH

3
 stretching 

region of the spectra collected from nuclei isolated from control and irradiated cells. 

Fig. 4.35 The results of PCA analysis applied to 4 groups of second derivative spectra (nuclei isolated 
from control  and irradiated with three various doses of protons and incubated for 48 hours cells) in  
spectral  range  1800  cm–1 –  1030  cm–1 showing  a  three–dimensional  Scores  Plot  along  with  the 
corresponding Loadings Plot, separated cluster of spectra is marked by blue circle.
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All  earlier  described  changes  are  clearly  seen  in  Fig.  3.36,  which  shows  a 

comparison of the averaged spectra of control cellular nuclei and spectra of extracted 

irradiated cellular  nuclei  marked by the blue circle  in  Fig.  3.35.  The corresponding 

Loading Plot (Fig. 3.35) and spectra are shown in Fig. 3.36. The shift in the asymmetric 

phosphate stretching mode, the low intensity of phosphodiester bands along with the 

base stacking band in combination with an increase in absorbance of the protein modes 

is characteristic of the macromolecular changes associated with apoptosis. 

Distinct clusters characteristic of the 4 groups of nuclei spectra are presented in 

the  Scores  Plot  (Fig  3.37).  The  clustering  indicates  that  lipids  are  involved  in  the 

cellular response to UVR. The Loadings Plot shows that symmetric and asymmetric 

stretching modes of methyl and methylene groups are responsible for the clustering.
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Fig. 3.36 The averaged spectra of control cellular nuclei and spectra of nuclei extracted 
irradiated cellular nuclecells marked by blue circle in Fig. 3.35.
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Fig. 4.37 The results of PCA applied to 4 groups of second derivatives of spectra (nuclei isolated from 
control  and irradiated  with three  various doses  of  protons and incubated  for  24 hours  cells)  in  the  
spectral  range  3000  cm–1 –  2700  cm–1 showing  a  three–dimensional  Scores  Plot  along  with  the 
corresponding Loadings Plot.

4.3.3.3 Dose dependent response to UV radiation in living cells studied using 

SR–FTIR 

The averaged spectra of living cells including control those irradiated by UVR 

and then incubated for 24 hours and their second derivatives are presented in Fig. 4.38 

and Fig. 4.39. Spectra collected from the cells incubated for 48 hours after irradiation 

are shown in Fig. 4.40 and Fig. 4.41. 
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Fig. 4.38 Averaged  spectra collected from single isolated COLO–679 
cells, control and irradiated with 3 various UV doses, then incubated for 
24 hours.
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Fig. 4.39 The average second derivative spectra collected from single 
isolated COLO–679 cells, control and irradiated with 3 various UV 
doses, then incubated for 24 hours.
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Fig. 4.40 Averaged spectra collected from single isolated COLO–679 
cells, control and irradiated with 3 various UV doses, then incubated for 
48 hours.
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Dose dependent changes are not that easily identified in single cell spectra as in 

single cellular nuclei spectra. The detection of UVR influence is difficult because of the 

complex  cellular  structure.  This  confirms  that  the  nucleic  acid  molecules  are  more 

sensitive to radiation than other cellular components. The data from samples incubated 

for 48 hours after irradiation indicates a shift of O–P–O asymmetric stretching band 

from 1232 cm–1 to 1236 cm–1 which is associated with a partial conformation change 

from  B–DNA to  A–DNA  [Whelan  2011,  Lee  2008].  The  intensity  decreasing  of 

phosphate  motions  are  observed in  spectra  of  cells  irradiated  for  4  minutes  and 40 

minutes,  which  confirms  that  48  hours  post–irradiation  cells  were  in  the  G1  phase 

repairing their DNA.

A few PCA models were applied to the spectra and their second derivatives to 

investigate relationships within the data. First, the living cells incubated for 24 hours 

after irradiation were investigated. The results shown in Fig. 3.42 show some clusters 

but the boundaries are not well defined. The clustering is observed in Fig. 4.43 where 

the results of PCA applied to the second derivatives of living cells, incubated for 48 

hours after irradiation. The Loadings Plot shows that PC–1 is positively related to the 

asymmetric stretching of phosphodiester band at 1244 cm–1 and is thus characteristic for 

the cells irradiated by UVR for 40 minutes.
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Fig. 4.41 Averaged second derivative of spectra collected from single 
isolated COLO–679 cells, control and irradiated with 3 various UV 
doses, then incubated for 48 hours.
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Fig. 4.42 The results of PCA analysis applied to 4 groups of second derivatives of spectra (control and  
irradiated with three various doses of UVR and incubated for 24 hours cells) in spectral range 1800 cm–1 

– 1030 cm–1  showing  two dimensional Scores Plot with the corresponding Loadings Plot.

Fig. 4.43 The results of PCA analysis applied to 4 groups of second derivative spectra (control cells and  
those irradiated with three different doses of UVR and incubated for 48 hours) in spectral range 1800 
cm–1 – 1030 cm–1 showing a  two–dimensional Scores Plot along with the corresponding Loadings Plot. 
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4.3.3.2 Time dependent response to UV radiation studied by SR–FTIR in     

             isolated cellular nuclei and in living cells

Time dependent differences in second derivative spectra of isolated nuclei from 

irradiated  and  control  cells  as  well  as  living  cells  irradiated  with  UVR  and  then 

incubated for 24 and 48 hours and investigated with PCA. The results are presented in 

Fig. 4.44 and Fig. 4.46 for each dose separately. 

Fig. 4.44 A comparison of PCA results applied to 4 groups of second derivative spectra (nuclei isolated  
from control and irradiated for 24 seconds cells and then incubated for 24 and 48 hours and living cells  
treated with the same way) in spectral range 1800 cm–1 –  1030 cm–1showing three–dimensional Scores  
Plot of nuclei and cells spectra separated.

Fig. 4.45 A comparison of PCA results, which was applied to 4 groups of second derivative spectra  
(nuclei isolated from control and irradiated for 4 minutes cells and then incubated for 24 and 48 hours  
along with living cells treated the same way) in the spectral range 1800 cm–1 – 1030 cm–1 showing a 
three–dimensional Scores Plot with the nuclei and cells spectra separated. 
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Fig. 4.46 A comparison of PCA results, which was applied to 4 groups of second derivative spectra  
(nuclei isolated from control and irradiated for 40 minutes cells and then incubated for 24 and 48 hours 
and living cells treated in the same way) in spectral range 1800 cm–1 –  1030 cm–1 showing a three–
dimensional Scores Plot of nuclei and cell spectra separated.

On each Scores Plot for the isolated nuclei spectra, 3 clusters are observable: 1) 

the spectra of control nuclei isolated after 24 hours of incubation and control nuclei 

isolated  after  48  hours  of  incubation  are  clustered  together,  2)  two  other  clusters 

associated with the nuclei isolated from irradiated cells and incubated for 24 hours and 

48 hours, respectively. This result shows that the incubation time has no influence on 

the clustering. Spectral separation is related to the cellular response to the applied dose 

of UV radiation. 

The  Loadings  Plots  indicates  that  the  same  bands  are  responsible  for  the  spectral 

separation  as  described  earlier  (sections  4.3.3.1  and  4.3.3.2)  for  nuclei  and  cellular 

spectra. 

4.3.3.4 Raman microspectroscopy

Average Raman spectra  of control  and irradiated with two different  doses of 

UVR are compared in Fig. 4.47. However, the variability of Raman spectra collected 

from single  cells  using  a  60  x  water  immersion  objective  does  not  allow for  dose 

dependent damage detection. The laser beam spot is very small in comparison to a cell 

or nuclei and the differences in chemical structure of cellular components cause a high 

degree  of  spectral  variability.  Every  time  a  spectrum is  collected  from a  different 
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chemical environment e.g. another organelle, variation is observed. The various cellular 

spectra collected from one living cell are presented in Fig. 4.48. 

A few  different  PCA models  were  applied  to  the  spectra  and  their  second 

derivatives to investigate any general clustering in data population that may exist. The 

results are presented in Fig. 4.49 and Fig. 4.50 were performed on two spectral regions: 

from 1800 cm–1–1030 cm–1 and from 3100 cm–1–2650 cm–1 respectively. PCA applied to 

just 3 groups of spectra did not show any distinct clusters when using second derivatives 

of spectra of control and irradiated with different doses of UVR because of the spectral 

variability, which affects the PCA results. The results of PCA applied to the CH
2
–CH

3 

stretching  region  indicate  some  clustering  on  the  Scores  Plot  (Fig.  4.49),  which 

confirms  the  results  obtained  using  SR–FTIR,  that  lipids  are  involved  in  cellular 

response to radiation.
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Fig. 4.47 The averaged Raman spectra collected from single living COLO–679 
cells, control and irradiated for 4 min then incubated for 48 h and also those 
irradiated for 40 min then incubated for 48 h.
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Fig. 4. 49 The results of a PCA analysis applied to 3 groups of second derivatives of spectra (single living  
COLO–679 cells, control and irradiated for 4 min then incubated for 48 h and irradiated for 40 min then  
incubated for 48 h) in the spectral range 1800 cm–1 – 1030 cm–1 showing a three–dimensional Scores Plot  
with the corresponding Loadings Plot.
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Fig. 4.48 The variability in Raman spectra collected from one living COLO–679 cell.
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Fig. 4.50 The results of PCA analysis applied to 3 groups of second derivatives of spectra (single living  
COLO–679 cells, control and irradiated for 4 min then incubated for 48 h and  irradiated for 40 min then  
incubated for 48 h) in spectral range 3100 cm–1 – 2650 cm–1  showing  three dimensional Scores Plot with  
the corresponding Loadings Plot.

4.3.3.5 Raman imaging

To achieve a more complete picture about the effects of UVC on cell or cellular 

nuclei multidimensional Raman mapping was applied. In Fig. 4.51 and Fig. 4.52 the 

integrated area under O–P–O asymmetric stretching peak (1255 cm–1 – 1225 cm–1) of 

nucleic  acids is  presented for isolated cellular  nuclei  from control and irradiated by 

UVR for 4 min and after 48 hours incubation cells, respectively. The distribution of this 

band is homogeneous in the control sample and inhomogeneous in irradiated cellular 

nuclei.  Visible  heterogeneity  may  indicate  chromatin  condensation,  which  is 

characteristic for the late apoptosis process. 
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Fig. 4.51 The integrated area under O–P–O asymmetric stretching peak (1255 cm–1  – 1225 cm–1) for  
isolated cellular nuclei from control cell.

Fig 4.52 The integrated area under the O–P–O asymmetric stretching peak (1255 cm–1 – 1225 cm–1)  for  

isolated cellular nuclei from cell irradiated with UVR for 4 minutes and then incubated for 48 hours.

The  3D  distribution  of  integrated  area  under  CH
2
 –  CH

3
 stretching  region 

(2900cm–1 – 2650 cm–1) for isolated cellular nuclei from cells irradiated with UVR for 

40 minutes and then incubated for 24 hours is presented in Fig. 4.53. Collecting 3D cell/

cellular nuclei map gives full molecular information about the sample with the spatial 

resolution  achieving  the  diffraction  limit.  The  inhomogenous  distribution  of  the 

integrated area under CH
2
, CH

3
 stretching region associated mainly with lipids indicates 

lipid deposition in the nucleus volume after exposure to UVR.
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Fig. 4.53 The distribution of integrated area under CH2 CH3 stretching region (2900cm–1 – 2650 cm–1)  

for isolated cellular nuclei from cell irradiated with UVR for 40 minutes and then incubated for 24 hours. 

To  observe  the  distribution  of  functional  groups  characteristic  for  the 

biomolecules  in  isolated  cellular  nuclei  Unsupervised  Hierarchical  Cluster  Analysis 

(UHCA) was applied (HCA). This approach was applied before to the whole cells by 

Majzner  et. al [Majzner 2013] Some of the typical results are presented in Fig. 3.54. 

The nuclei isolated from control cells were divided into two distinct clusters (blue and 

brown ones). The averaged spectra from blue and brown areas are presented on the 

same  Figure.  There  are  two  main  differences  between  the  spectra:  in  the  brown 

spectrum the appearance a band at 838 cm–1 is observed, which is assigned to C–O, and 

C–P–O stretching modes in the nucleic acid backbone and additionally the asymmetric 

phosphate  stretching  mode  is  slightly  shifted  from 1257  cm–1 (brown  spectrum)  to 

1251 cm–1 (blue  spectrum).  These  changes  might  be  related  to  the  change  in 

conformation from B–DNA to A–DNA [Marty 2009, Guan 1998]  or the result  of a 

different DNA/RNA ratio [Neault 1997, Schulze 2013]. The mean spectra indicate that 

in the brown area there is possibly more RNA than in the blue region. Very similar 

spectra  were  detected  in  the  3D Raman  maps  of  nuclei,  which  were  isolated  from 

irradiated cells. The spectra and the related voxels are marked by the same colours in 

Fig. 3.54. 

The orange cluster  indicates regions of high concentration of nucleic acids possibly 

associated  with  regions  of  chromatin  condensation. These  areas  possibly  indicate 
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regions  of  chromatin  condensation.  The  averaged  spectrum  from  the  red  clusters 

(observed in all layers of damaged nuclei, marked by arrows in Fig. 3.54) indicates that 

these clusters are associated with lipids. The strong signal from lipids and fatty acids 

such  as  the  stretching  motions of  methyl  and  methylene  groups  at  spectral  range 

3050 cm–1 – 2800 cm–1, ν(C=O) in lipids at 1741 cm–1, ν(C=O) of the carbonyl group at 

1655 cm–1, δ(CH2) at 1440 cm–1, δt(CH2), δw(CH2) at 1302 cm–1 (Table 2.2) are presented 

in Fig. 3.54 (red spectrum).

The intra–nuclei lipids in isolated nuclei of control COLO 679 cell are under the 

Raman microspectroscopy detection limit. However, phospholipids are associated with 

the chromatin. They appear localised in decondensed chromatin near newly synthesized 

RNA  [Albi  2004].  The  most  common  nuclear  lipid  is  spfingomyelin,  followed  by 

phosphatidylethanolamine,  phosphatidylserine,  phosphatidylinositol,  phosphati-

dylcholine, plasmalogens and cholesterol are included in intranuclei lipid composition 

[Albi  2004].  Many  enzymes  such  as  sphingomyelinase,  sphingomyelin-synthase, 

reverse  sphingomyelin-synthase  and  phosphatidylcholine-dependent  phospholipase  C 

have been found in cellular nuclei and previously described [Albi 2004]. 

An increase of sphingomyelin synthase activity and diacylglycerol is associated 

with chromatin condensation has been reported for apoptotic cells [Albi 2003]. Alibi et  

al. studied intranuclear lipids metabolism in relation to apoptosis process induced by 

UV radiation.  The  activation  of  phosphatidylcholine  and  spfingomyelin  metabolism 

indicates accumulation of those lipids during an apoptosis  [Albi 2008].  Wang  et al.  

reported that damaging factors like perfluorooctanoic acid (PFOA) cause lipids droplet 

accumulation  in  the  nucleus  of  hepatic  cells  and  correlated  this  with  chromatin 

condensation in response to apoptosis [Wang 2013]. These lipids could be involved in 

apoptotic body formation.

The  low  concentration  of  intranuclear  lipids  in  nuclei  isolated  from control 

COLO-679 cells is beyond the detection limit using Micro-Raman mapping. Shulze et  

al. mapped  mammalian  cellular  nuclei  in  ethanol  fixed  cells  by  Raman 

microspectroscopy. The data was analyzed using PCA but there was no evidence of 

intranuclei  lipid  accumulation  [Schulze  2013]. Isolated  cellular  nuclei  (fixed  in 

paraformaldehyde)  were  also  studied  using  Raman  scattering  by Pijanka  et  al. The 
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researchers did not report any accumulation of intranuclear lipids [Pijanka 2013]. Pliss 

et  al. applied  Coherent  anti-Stokes  Raman  Scattering  (CARS),  which  enables  the 

detection  of  intranuclei  lipids  even  in  low  concentrations  as  found  in  centromeric 

heterochromatin (~14 mg/mL) and/or the nuclear speckles (~10 mg/mL) [Pliss 2010].  

In the present study lipid accumulation was detected in nuclei damaged by UV (Fig. 

4.54,  red  spectrum,  red  cluster)  and  isolated  from irradiated  cells.  These  lipids  are 

probably associated with an increase in lipid metabolism during apoptosis [Albi 2008] 

or lipid droplet accumulation [Wang 2013] involved in formation of apoptotic bodies.

Fig 4.54 The UHCA map of nuclei isolated from a control cell (the left site) and irradiated for 4 minutes  
then incubated for 48 hours (right site) cell. The voxels and the averaged spectra from each area are  
marked by the same colours. The lipids accumulation is marked by arrows. 

4.4 Summary and conclusions

In  summarising  it  should  be  emphasised  that  the  application  of  molecular 

spectroscopy such as SR–FTIR or Raman coupled with multivariate statistical analysis 
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opens new possibilities for obtaining information about interaction of various kinds of 

radiation with living cells. The radiation damage detection, time and dose dependent 

response  to  radiation  and  non–targeted  effects  like  the  bystander  effect  could  be 

successfully  investigated.  An  application  of  these  methods  enables  studies  of  the 

influence  of  radiation  at  the  cellular  population  level,  treating  the  single  cell  as  a 

individual part of the population or an individual cell at the nucleus level. 
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General conclusions

In  summary,  according  to  the  aims  of  this  thesis,  the  most  significant 

findings are: 

•    The  high  sensitivity  of  the  DNA molecule  to  2  MeV protons  exposure  was 

confirmed. Conformational changes and base damage were detected following 

exposure of DNA solution to radiation using Raman microspectroscopy.

•    The  combination  of  Atomic  Force  Microscopy  and  Tip  Enhanced  Raman 

Scattering  to  locate  and  investigate  individual  DNA Double  Strand  Breaks 

allowed for research into the susceptibility of various kinds of DNA backbone 

bonds to UVC radiation. The results show that the C–O bond (5’– bond) in the 

DNA backbone is the most sensitive to UVC exposure. However, broken DNA 

fragments are also cleaved at the 3’– bonds. Based on the appearance of the P–

O–H, CH
2
 bending and CH

2
,  CH

3
 wagging bands  observed in TERS spectra 

following  irradiation,  it  was  shown  that  strand  fragments  are  hydrogen–

terminated at  the  lesion,  indicating  the action  of  free radicals  during  photon 

exposure.  The  TERS  methodology  developed  during  this  project  could  be 

applied to study the susceptibility of DNA bonds to various types of radiation.

•    The results  of SR–FTIR study of proton induced DNA damage in fixed,  dry 

single PC–3 cells indicated that a dose dependent shift of the O–P–O stretching 

modes at 1095 cm–1 – 1092 cm–1 and 1168 cm–1 – 1172 cm–1 along with a change 

of  O–P–O  asymmetric  stretching  are  considered  as  evidence  of  chromatin 

fragmentation, which is the natural consequence of a high number of DSBs. The 

study into the cellular  response to ionising radiation indicates that irradiation 

with just  50 protons induces a strong cellular  response associated with DNA 

damage and DNA repair. Shifts and intensity changes of the O–P–O stretching 

modes may indicate a change in DNA conformation as a consequence of the 

DNA repair process. 

•    The Coupling SR–FTIR with PCA was successfully applied to study bystander 

effect in the PC–3 cell line. All applied doses of protons (50 x 2 MeV – 4000 x 

2 MeV) stimulated the cells and in all cases the bystander effect was observed. 
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The highest percentage of cells affected by the bystander effect was detected for 

cells irradiated with 400 x 2 MeV protons.

•    The response after “sun light” exposure of COLO–679 cell line was successfully 

studied  by  SR–FTIR  and  Raman  microspectroscopy  with  subsequent 

multivariate  data  analysis.  Living  cells  and  isolated  cellular  nuclei  after 

appropriate  incubation  time  post  irradiation,  were  investigated.  The  dose 

dependent intensity decrease of the C=O stretching mode at 1713 cm–1 is caused 

by  base–pair  damage  such  as  purine,  pyrimidine  dimers  formation  or  6–4 

lesions. The shift of O–P–O asymmetric stretching from 1230 cm–1 to 1240 cm–1 

is  associated  with  a  partial  conformation  change  from B–DNA to  A–DNA. 

Additionally,  an  intensity  increase  in  the  Amide  II  band  at  1549  cm–1 was 

observed following UV radiation  exposure.  This  effect  is  possibly related  to 

DNA repair, because the enzymes involved in DNA repair are mainly proteins 

and an increase in the amount of protein would result in an increase the intensity 

of Amide II band in the FTIR spectrum. This conclusion is confirmed by the 

observed intensity decrease of  O–P–O symmetric and asymmetric stretching 

mode (1088 cm–1 and 1230 cm–1 – 1240 cm–1) for cells irradiated for 4 minutes 

and 40 minutes, indicating that after radiation exposure the cells are stopped in 

G1 phase during the DNA repair stage. A nuclei isolation is recommended in 

study of  the  response  to  radiation  using  SR–FTIR.  The  spectral  profiles  of 

isolated nuclei and living cells are similar, however in nuclei spectra the DNA 

bands are more clearly defined and include the O–P–O stretching at 1088 cm–1, 

1170 cm–1, 1230 cm–1  and C–O stretching at 970 cm–1 as well as base stacking 

mode: C=O stretching in purines and pyrimidines rings at 1713 cm–1.

•    High variability of Raman spectra collected using 60x objective from one single 

cell  or  nuclei  makes  the  observation  of  cellular  response  to  radiation  very 

difficult. To achieve a more complete picture about the effects of UV radiation 

on cells or cellular nuclei multidimensional Raman mapping was successfully 

applied.  Raman  mapping  of  cellular  nuclei  isolated  48  hours  after  radiation 

exposure showed the inhomogeneous distribution of phosphodiester bands and 

intranuclear lipid deposition. These results indicate chromatin condensation and 

the possible formation of apoptotic bodies, which are characteristic for the late 
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apoptotic process associated with radiation exposure. 
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spectra in spectral range 1030 cm–1 – 1800 cm–1 . (p. 105)

66. Fig. 4.33 The averaged second derivative spectra collected from single isolated  
COLO–679 cellular nuclei, including control and irradiated with 3 different UV 
doses, then incubated for 48 hours. (p. 106)

67. Fig. 4.34 The averaged second derivative spectra collected from single isolated  
COLO–679 cellular nuclei,  control and irradiated with 3 different UV doses,  
then incubated for 48 hours. (p. 106)

68. Fig. 4.35 The results of PCA analysis applied to 4 groups of second derivative  
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spectra (nuclei isolated from control and irradiated with three various doses of  
protons  and  incubated  for  48  hours  cells)  in  spectral  range  1800 cm–1 –  
1030 cm–1 showing  a  three–dimensional  Scores  Plot  along  with  the  
corresponding Loadings Plot, separated cluster of spectra is marked by blue  
circle. (p. 107)

69. Fig. 3.36 The averaged spectra of control cellular nuclei and spectra of nuclei  
extracted  irradiated  cellular  nuclecells  marked  by  blue  circle  in  Fig.  3.35.  
(p. 108)

70. Fig.  4.37 The  results  of  PCA applied  to  4  groups  of  second  derivatives  of  
spectra (nuclei isolated from control and irradiated with three various doses of  
protons and incubated for 24 hours cells)  in the spectral range 3000 cm–1 –  
2700  cm–1 showing  a  three–dimensional  Scores  Plot  along  with  the  
corresponding Loadings Plot. (p. 109)

71. Fig.  4.38 Averaged  spectra collected from single  isolated COLO–679 cells,  
control and irradiated with 3 various UV doses, then incubated for 24 hours.
(p. 109)

72. Fig. 4.39 The average second derivative spectra collected from single isolated  
COLO–679  cells,  control  and  irradiated  with  3  various  UV  doses,  then 
incubated for 24 hours.(p. 110)

73. Fig.  4.40  Averaged  spectra  collected  from  single  isolated  COLO–679  cells,  
control and irradiated with 3 various UV doses, then incubated for 48 hours.  
(p. 110)

74. Fig. 4.41 Averaged second derivative of spectra collected from single isolated  
COLO–679  cells,  control  and  irradiated  with  3  various  UV  doses,  then 
incubated for 48 hours. (p. 111)

75. Fig. 4.42 The results of PCA analysis applied to 4 groups of second derivatives  
of  spectra  (control  and  irradiated  with  three  various  doses  of  UVR  and 
incubated for 24 hours cells) in spectral range 1800 cm–1 – 1030 cm–1  showing 
two dimensional Scores Plot with the corresponding Loadings Plot. (p. 112)

76. Fig. 4.43 The results of PCA analysis applied to 4 groups of second derivative  
spectra (control cells and those irradiated with three different doses of UVR and  
incubated  for  48  hours)  in  spectral  range  1800 cm–1 –  1030 cm–1 showing  a 
 two–dimensional  Scores  Plot  along  with  the  corresponding  Loadings  Plot. 
(p. 112)

77. Fig. 4.44 A comparison of PCA results applied to 4 groups of second derivative 
spectra (nuclei isolated from control and irradiated for 24 seconds cells and 
then incubated  for 24 and 48 hours and living cells treated with the same way)  
in spectral range 1800 cm–1 – 1030 cm–1showing three–dimensional Scores Plot  
of nuclei and cells spectra separated. (p. 113)
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78. Fig. 4.45 A comparison of PCA results, which was applied to 4 groups of second 
derivative spectra (nuclei  isolated from control  and irradiated for  4  minutes  
cells and then incubated for 24 and 48 hours along with living cells treated the  
same  way)  in  the  spectral  range  1800  cm–1 –  1030  cm–1 showing  a  three–
dimensional Scores Plot with the nuclei and cells spectra separated. (p. 113) 

79. Fig. 4.46 A comparison of PCA results, which was applied to 4 groups of second 
derivative spectra (nuclei isolated from control and irradiated for 40 minutes  
cells and then incubated for 24 and 48 hours and living cells treated in the same 
way) in spectral range 1800 cm–1 –  1030 cm–1 showing a three–dimensional  
Scores Plot of nuclei and cell spectra separated. (p. 114)

80. Fig. 4.47 The averaged Raman spectra collected from single living COLO–679  
cells, control and irradiated for 4 min then incubated for 48 h and also those  
irradiated for 40 min then incubated for 48 h. (p. 115)

81. Fig. 4.48 The variability in Raman spectra collected from one living COLO–679  
cell. (p. 116)

82. Fig.  4.  49 The  results  of  a  PCA  analysis  applied  to  3  groups  of  second 
derivatives of spectra (single living COLO–679 cells, control and irradiated for 
4 min then incubated for 48 h and irradiated for 40 min then incubated for 48 h)  
in  the  spectral  range  1800  cm–1 –  1030  cm–1 showing  a  three–dimensional  
Scores Plot with the corresponding Loadings Plot. (p. 116)

83. Fig. 4.50 The results of PCA analysis applied to 3 groups of second derivatives  
of spectra (single living COLO–679 cells, control and irradiated for 4 min then  
incubated  for  48  h  and  irradiated  for  40  min  then  incubated  for  48  h)  in  
spectral range 3100 cm–1 – 2650 cm–1  showing  three dimensional Scores Plot  
with the corresponding Loadings Plot. (p. 117)

84. Fig.  4.51 The  integrated  area  under  O–P–O  asymmetric  stretching  peak  
(1255 cm–1 – 1225 cm–1) for isolated cellular nuclei from control cell. (p. 118)

85. Fig  4.52  The integrated  area  under  the  O–P–O asymmetric  stretching  peak  
(1255 cm–1  – 1225 cm–1)  for isolated cellular nuclei from cell irradiated with  
UVR for 4 minutes and then incubated for 48 hours. (p. 118)

86. Fig. 4.53 The distribution of integrated area under CH2 CH3 stretching region 
(2900cm–1 – 2650 cm–1)  for isolated cellular nuclei from cell irradiated with  
UVR for 40 minutes and then incubated for 24 hours. (p. 119)

87. Fig 4.54 The UHCA map of nuclei isolated from a control cell (the left site) and 
irradiated for 4 minutes then incubated for 48 hours (right site) cell. The voxels  
and  the  averaged  spectra  from  each  area  are  marked  by  the  same  colors.  
(p. 121)
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