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Summary 
 

This work focuses on the analysis of the influence of environment on the relative 

biological effectiveness (RBE) of carbon ions on molecular level. Due to the high relevance 

of RBE for medical applications, such as tumor therapy, and radiation protection in space, 

DNA damages have been investigated in order to understand the biological efficiency of 

heavy ion radiation. The contribution of this study to the radiobiology research consists in the 

analysis of plasmid DNA damages induced by carbon ion radiation in biochemical buffer 

environments, as well as in the calculation of the RBE of carbon ions on DNA level by mean 

of scanning force microscopy (SFM). In order to study the DNA damages, besides the 

common electrophoresis method, a new approach has been developed by using SFM. The 

latter method allows direct visualisation and measurement of individual DNA fragments with 

an accuracy of several nanometres. In addition, comparison of the results obtained by SFM 

and agarose gel electrophoresis methods has been performed in the present study.  

Sparsely ionising radiation, such as X-rays, and densely ionising radiation, such as 

carbon ions, have been used to irradiate plasmid DNA in trishydroxymethylaminomethane 

(Tris buffer) and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES buffer) 

environments. These buffer environments exhibit different scavenging capacities for hydroxyl 

radical (HO0), which is produced by ionisation of water and plays the major role in the 

indirect DNA damage processes. Fragment distributions have been measured by SFM over a 

large length range, and as expected, a significantly higher degree of DNA damages was 

observed for increasing dose. Also a higher amount of double-strand breaks (DSBs) was 

observed after irradiation with carbon ions compared to X-ray irradiation. The results 

obtained from SFM measurements show that both types of radiation induce multiple 

fragmentation of the plasmid DNA in the dose range from D = 250 Gy to D = 1500 Gy.  

Using Tris environments at two different concentrations, a decrease of the relative 

biological effectiveness with the rise of Tris concentration was observed. This demonstrates 

the radioprotective behavior of the Tris buffer solution.  

In contrast, a lower scavenging capacity for all other free radicals and ions, produced by 

the ionisation of water, was registered in the case of HEPES buffer compared to Tris solution. 

This is reflected in the higher RBE values deduced from SFM and gel electrophoresis 

measurements after irradiation of the plasmid DNA in 20 mM HEPES environment compared 

to 92 mM Tris solution.  
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These results show that HEPES and Tris environments play a major role on preventing 

the indirect DNA damages induced by ionising radiation and on the relative biological 

effectiveness of heavy ion radiation.  

In general, the RBE calculated from the SFM measurements presents higher values 

compared to gel electrophoresis data, for plasmids irradiated in all environments. Using a 

large set of data, obtained from the SFM measurements, it was possible to calculate the 

survive rate over a larger range, from 88% to 98%, while for gel electrophoresis 

measurements the survive rates have been calculated only for values between 96% and 99%.  

While the gel electrophoresis measurements provide information only about the 

percentage of plasmids DNA that suffered a single DSB, SFM can count the small plasmid 

fragments produced by multiple DSBs induced in a single plasmid. Consequently, SFM 

generates more detailed information regarding the amount of the induced DSBs compared to 

gel electrophoresis, and therefore, RBE can be calculated with more accuracy. Thus, SFM has 

been proven to be a more precise method to characterize on molecular level the DNA damage 

induced by ionizing radiations. 
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Zusammenfassung 
 

Diese Arbeit beschäftigt sich mit der Untersuchung des Einflusses der chemischen 

Umgebung der DNA auf die relative biologische Wirksamkeit (RBW) von Kohlenstoff-Ionen 

auf die  DNA. Auf Grund der enormen Wichtigkeit für medizinische Anwendungen, wie z.B. 

in der Krebstherapie und dem Strahlenschutz, wurden DNA-Schäden untersucht, um die 

biologische Wirksamkeit von Schwerionenstrahlung zu verstehen. In dieser Arbeit wurde 

neben der allgemein bekannten Gel-Elektrophorese-Methode ein neuer Ansatz mit Hilfe der 

Rasterkraftmikroskopie (RKM) gewählt, um die Analyse des durch die 

Kohlenstoffionenstrahlung veranlassten Plasmid-DNA-Schadens in biochemischen 

Pufferumgebungen zu untersuchen. Hieraus konnte der RBW von Kohlenstoff-Ionen auf die 

DNA berechnet werden. Diese Methode erlaubt eine direkte Visualisierung und Messung von 

individuellen Plasmid DNA-Bruchstücken mit einer Genauigkeit von mehreren Nanometern. 

Zusätzlich wurde in der Arbeit ein Vergleich der Ergebnisse aus den RKM- und den 

Elektrophorese-Messungen durchgeführt.  

Schwach ionisierende, wie z.B. Röntgenstrahlung, sowie stark ionisierende, wie z.B. 

Kohlenstoffionenstrahlung, wurde verwendet, um Plasmid-DNA in 

Trishydroxymethylaminomethan (Tris) und 4-(2-hydroxyethyl)-1-Piperazineethansulfonsäure 

(HEPES) Umgebungen zu bestrahlen, welche verschiedene Aufnahmekapazitäten für freie 

hydroxyl-Radikale (HO-) zeigen. Diese Radikale werden durch die Ionisierung von Wasser 

erzeugt und spielen die Hauptrolle für die Entstehung von DNA-Schäden. Die Verteilung der 

Bruchstücke ist durch RKM über eine große Reichweite gemessen worden. Wie erwartet, 

wurde ein bedeutende höherer Grad von DNA-Schäden beobachtet, wenn die Strahlungdosis 

vergrößert wurde. Auch zeigt sich eine größere Anzahl an Doppelstrangbrüchen (DSB) durch 

Kohlenstoffionenstrahlung verglichen zur Röntgenstrahlung. Die RKM-Messungen zeigen, 

dass beide Strahlungstypen vielfache DSB pro Plasmid-DNA im Dosisbereich zwischen 

D=250 Gy und D=1550 Gy bewirken. 

Bei der Untersuchung von Tris-Umgebungen wurde eine Abnahme der RBW bei einem 

Konzentrationsanstieg der Tris-Puffer-Lösung beobachtet. Dieses demonstriert die 

radiologisch schützende Wirkung von Tris-Puffer-Lösung. 

Im Gegensatz dazu wurde eine kleinere Aufnahmekapazität für alle anderen freien 

Radikale und Ionen, die durch die Ionisierung von Wasser erzeugt werden, im Fall von 

HEPES-Puffer-Lösung verglichen zur Tris-Lösung festgestellt. Dies spiegelt sich in den 

höheren RBW-Werten, die aus den RKM- und Gel-Elektrophorese-Messungen berechnet 
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wurden, nach der Bestrahlung der Plasmid-DNA in 20 mM HEPES-Umgebung verglichen zu 

einer 92 mM Tris-Lösung wieder. Mit einem großen Satz von Daten aus den RKM-

Messungen war es möglich die Überlebensrate über einen größeren Bereich von 88% bis 98% 

zu berechnen. Im Vergleich dazu lässt sich bei den Gel-Elektrophorese-Messungen die Werte 

der Überlebensraten nur zwischen 96 % und 99% bestimmen. 

Diese Ergebnisse zeigen, dass HEPES- und Tris-Umgebungen eine Hauptrolle zur 

Verhinderung von indirekten DNA-Schäden durch ionisierte Strahlung und relativen 

biologischen Wirksamkeit von Schwerionenstrahlung spielen. 

Während Gel-Elektrophorese-Messungen nur Auskunft über den Prozentsatz der 

Plasmid-DNA geben, bei der DSB auftreten, kann Rasterkraftmikroskopie die Plasmid-

Bruchstücke analysieren, die durch vielfache DSB in einem einzelnen Plasmid induziert 

werden. Hierdurch erhält man ausführlichere Informationen im Vergleich zu den Gel-

Elektrophorese-Messungen und es lässt sich deshalb die relative biologische Wirksamkeit mit 

größerer Genauigkeit bestimmen. Des weiteren  zeigt sich, dass die berechneten Werte der 

RBW für die bestrahlten Plasmide in allen Umgebungen im Fall der RKM-Messungen größer 

sind als die bestimmten Werte aus den Gel-Elektrophorese-Daten. Somit zeigt sich, dass 

RKM eine genauere Methode darstellt, den durch ionisierende Strahlungen hervorgerufenen 

DNA-Schaden zu charakterisieren. 
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Introduction 
 
 

Understanding the biological efficiency of heavy ion radiation is of high importance for 

medical applications, such as tumor therapy [Kraft 2001, Amaldi 2005] and particulary for 

radiation protection, especially in space [Kraft 2001], knowing that space radiation contains a 

large spectrum of heavy ions [Currell 2002]. 

Since the deoxyribonucleic acid (DNA) molecule is considered to be the most important 

biological macromolecule that contains all long-term genetic information of life [Abraham 

1989, Lodish 1995] and is necessary for the construction of other components of cells, such as 

proteins and ribonucleic acid, it is also considered to be the main target of the ionising 

radiation [Painter 1979, Hall 1994, Kraft 2000, Currell 2002]. Irradiation of DNA molecules 

with ionising radiation may cause single-strand breaks (SSBs), double-strand breaks (DSBs) 

and base damages. However, the most serious damages are double-strand breaks, i.e. the 

rupture of both DNA strands within a distance of few base pairs. If these damages remain 

unrepaired or are misrepaired, they can cause cell death, carcinogenesis or mutation. 

Therefore, the investigation of DNA damages induced by ionising radiation has attracted a lot 

of attention in recent years [Brons 2003, Brezeanu 2007, Boichot 2002, Cary 1997, Milligan 

1996c, van Noort 2003, Pang 1997, 1998 and 2005, Psonka 2005 and 2007].  

Ionising radiation is usually classified into sparsely ionising and densely ionising 

radiation, based on the ionising density. Sparsely ionising radiation, e.g. X-rays, induces only 

indirect damages in the structure of the DNA molecule. These damages are mostly induced by 

free hydroxyl (HO0) radicals and also in a small amount by peroxide radicals (H2O2), 

hydroperoxy free radicals (HO2
0) and hydrogen dimers (H2) resulted from the ionisation of 

the surrounding water [Roots 1975, Ward 1991, Hall 1994]. These free radicals are able to 

induce only SSBs. In contrast, densely ionising radiation, e.g. carbon ion radiation, causes 

indirect damages as well as direct damages due to the high-energy loss of the ionising 

particles, and therefore, the most serious damage, i.e. DSBs, occur [Brezeanu 2007, Psonka 

2005 and 2007, Boichot 2002, Ward 1991]. Monte-Carlo simulation studies have shown that 

particle radiation causes a densely ionising track structure, and therefore, it can induce also 

cluster damage, i.e. multiple SSBs, DSBs and base damages in a range of several base pairs 

[Terato 2004, Kraft 2000, Krämer 1993 and 1994]. In order to characterize the biological 

effects induced by ionising radiation with different linear energy transfer (LET), the relative 
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biological effectiveness (RBE) has been introduced as the ratio between the X-ray dose and 

particle dose necessary to produce the same biological effect. 

The common method to observe SSBs and DSBs is to investigate conformation changes 

of plasmid DNA after irradiation. While an intact plasmid is supercoiled, its conformation 

changes to relaxed circular, when at least one SSB occurs, or to linear, when a DSB was 

induced [Psonka 2005, Hall 1994, Pang 1998 and 2005]. These two transformations can be 

easily analysed by gel electrophoresis methods [Milligan 1996b, Taucher-Scholz 1999]. Gel 

electrophoresis measurements provide information about the percentages of supercoiled, 

relaxed circular and linear plasmid fragments, or about the percentages of linear fragments 

within a certain length range [Milligan 1993 and 1996b, Goodhead 1999]. However, gel 

electrophoresis measurements have two major disadvantages. First, it is impossible to obtain 

with high accuracy fragment distributions in a large size range, i.e. from some tens to several 

thousands base pairs (bp), in the same gel. Secondly, a high amount of each fragment length 

is required for performing such measurements. In the case of this study, the concentration of 

plasmid fragments in a certain length interval is in general too low to perform gel 

electrophoresis measurements. These drawbacks can be overcome by scanning force 

microscopy (SFM) measurements that allow the obtaining of more detailed information about 

the distribution of fragments. SFM permits direct visualisation and measurement of individual 

plasmid fragments on different surfaces with an accuracy of several nanometres [Psonka 

2005, 2007, Pang 1998 and 2005, Brezeanu 2006 and 2007]. In addition, SFM can provide 

detailed results also for a small amount of plasmid fragments resulted after irradiation of 

plasmid DNA with low dosis or low linear energy transfer (low-LET) radiation. 

The aim of this study is to investigate in detail the different damages induced in plasmid 

DNA by X-rays (low-LET radiation) and carbon ions (high-LET radiation), and to analyse the 

radioprotective influence of the DNA’s buffer environment on indirect damages and on the 

RBE of carbon ion radiation. RBE is considered to be the main parameter taken into account 

in cancer therapy with particle radiation, and therefore, its better understanding provides 

relevant information for a proper application of heavy ions in cancer therapy. 

In this study, HEPES and Tris buffer solutions (see Annex 1) have been used as 

environments for plasmid DNA in order to prove their important scavenging role on indirect 

DNA damages induced by ionizing radiation and most important, their influence on RBE of 

carbon ions. At the beginning, plasmids in 10 mM and 92 mM Tris aqueous environments 

have been irradiated with X-rays and carbon ions at doses of D = 250 Gy, 500 Gy, 1000 Gy 
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and 1500 Gy, in order to analyse the influence of the Tris concentration on the environment’s 

scavenging capacity and on the RBE of carbon ions.  

To the best of my knowledge, the role of Hepes buffer as radical scavenger has not been 

analysed until now. Therefore, plasmid DNA in 20 mM HEPES buffer environment has been 

irradiated with X-rays and carbon ions at the same doses as before, in order to compare to the 

results obtained for plasmid DNA irradiated in 92 mM Tris solution. At these concentrations, 

both buffers have the same scavenging capacity for hydroxyl radicals (HO-) [Hicks 1986], and 

therefore, the aim of this part is to follow up the influence of their total scavenging capacities 

as radioprotectors on the RBE of carbon ions at molecular level. Even if around 70% of the 

indirect damage is produced by HO- radicals [Chapman 1973, Roots 1975], higher plasmid 

damage was observed after irradiation in 20 mM HEPES solution. Finally, a comparison 

between the results obtained by gel electrophoresis and SFM has been performed. Gel 

electrophoresis can deliver basic results regarding the plasmid DNA damages induced by 

ionizing radiation, by counting only plasmids that suffer a single DSB. Instead SFM method 

is able to provide more detailed data, by counting all plasmid fragments resulting after 

irradiation, even if they have suffered more than one DSB. Therefore, more accurate RBE 

values are expected from the SFM measurements compared to gel electrophoresis results. 



 



Chapter 1 
 

Ionising radiation 
 

The present chapter focuses on the characteristics of ionising radiation, its 

interaction with matter and the main effects produced during their interaction. 

The atoms of the materials can suffer excitations or ionisations, if they absorb 

energy from radiation. The main characteristic of ionising radiation is the high amount 

of energy in the beam [Hall 1994]. Depending on the ionising density of radiation’s 

track, classification into sparsely and densely ionising radiation is usually done. 

Sparsely ionising radiation is represented by electromagnetic radiations, such as X- 

and γ-rays, and presents a homogeneous distribution of energy into the beam and a 

low linear energy transfer (low-LET). Densely ionisation radiation, represented by 

particle radiation, such as alpha particles, neutrons and heavy ions, presents localised 

distribution of energy in the beam and high linear energy transfer (high-LET) [Kraft 

2000, Krämer 1993 and 1994, Psonka 2007]. Since X-rays and carbon ions will be 

used in this study to irradiate the plasmid molecules, the interaction principle of 

ionising radiation with matter will be discussed mainly with respect to biological 

samples. 

 

1.1. Electromagnetic ionising radiation 

 

The most important difference between ionising and nonionising 

electromagnetic radiations is the size of the individual packets of energy transfer and 

not the total amount of energy involved in the process. 

X- and γ-rays represent electromagnetic radiations used in ionising experiments 

with biological systems. The characteristic lines of the X-ray spectrum are produced 

by electrons that hit a metal target. The electrons decelerate when they hit the metal 

target. If enough energy is contained within the electron, it is able to knock out an 

electron from the inner shell of the metal atoms, and as a result, electrons from higher 

energy levels then fill up the vacancies and X-ray photons are emitted. There is also a 

continuum part in the X-ray spectrum that is named Bremsstrahlung. This radiation is 
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emitted when the electrons are scattered by the strong electric field near the high-Z 

nuclei. γ-rays are emitted by radioactive isotopes and represent the energy excess that 

is disengaged as decays in their effort to find the stable state [Hall 1994]. 

Only X-rays will be discussed in the following paragraphs due to the fact that 

this radiation is used in this study and all information regarding the its interaction with 

biological systems are applied also for γ-rays. X-ray radiation is an electromagnetic 

wave, which transports electric and magnetic energy. Both fields, electric and 

magnetic, are placed in perpendicular planes to one other. Considering the X-ray 

radiation as a stream of photons or energy packets, each packet contains a high 

amount of energy (E = hν). The concept of energy packets is relevant in radiobiology, 

due to the fact that the energy is deposited in biological systems in discreet packets, 

which have enough energy to break any chemical bond or to initiate an ionising chain 

reaction.  

Based on the type of ionisation, classification into directly and indirectly 

ionising radiations is usually done. Electromagnetic radiations induce mainly indirect 

ionisations that do not disrupt directly the structure of the biological material, as in 

direct ionisation, but it produces charged electrons with high velocities, when it is 

absorbed in material. The absorption depends on the energy of the photons and the 

chemical compounds of the material [Hall 1994]. In the energy range between 0.01 

MeV and 100 MeV, three processes are competing: Compton effect, photoelectric 

effect and pair production, as they are presented in the figure 1.1. 

 
Figure 1.1. The competition of the three types of photon interaction formula [Hall 1994]. 
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The energy of X-ray radiation, used in this study, has a maximum energy of E = 

250 keV and therefore, the pair production effect does not occur in this case [Attix 

1968] and only Compton and photoelectric effect will be considered in this study. 

The photoelectric effect is described by the atomic cross section (σ), because the 

entire atom participates to the interaction. There is no equation to describe accurately 

the atomic cross section over a large energy range, but an approximate formula [Hall 

1994] is given by equation 1.1: 

)(. 3

4

νσ h
Zconst≅ . 

 

Eq. 1.1 

The Compton effect dominates the interactions for photons with high energies, 

while the photoelectric effect is important for photons at low energies [Hall94]. The 

difference between the Compton and photoelectric effects is exploited in the 

application of X-rays in therapy and diagnosis. The absorption due to Compton effect 

does not depend on the atomic number of absorbing system, while the absorption for 

the photoelectric effect is direct proportional to Z4 of the absorbing atoms.  

The former discussion is relevant for understanding the processes that occur at 

interaction of the ionising radiation with biological matter. The photons used in X-

rays diagnosis are placed in the energy range, where photoelectric effect is much more 

relevant than Compton Effect. In this way, X-rays are absorbed mainly by bones, 

which contain calcium atoms with relatively high atomic number. Because the 

biological material presents different atoms, a differential absorption occurs and this 

is recorded in the radiography image. For radiotherapy, X-rays at higher energy are 

applied, because the Compton Effect takes place and produces a chain reaction of 

ionisations that induces a high amount of damages in the DNA of cancerous cells 

[Hall 1994, Kraft 2000 and 2001]. 

 

1.2. Particle ionising radiation 

 

Particle radiation, such as alpha particles, positively or negatively charged beta 

particles or neutrons, can be produced by emission from an unstable atomic nucleus 

(radioactive decay). Other charged particles, as electrons, protons and heavy ions can 

be produced by particle accelerators, including the carbon ion radiation applied in this 
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study that has been produced at the linear accelerator from Gesellschaft für 

Schwerionenforschung in Darmstadt. 

 
Figure 1.2. Monte-Carlo simulation of the ionising tracks of proton and carbon ion in 

water [Krämer 1993]. 

 

Figure 1.2 shows very clear the difference in the amount of ionisations of the tracks of 

two different particles (proton and carbon ion) in water at the same energy of 1 MeV. 

The Monte-Carlo simulation exhibits a complex and dense ionising track for the 

carbon ion, while the proton presents only few ionisations along its track at the same 

energy.  

The carbon ion radiation develops a more or less straight track due to the 

multiple ionisations in the target, while X-rays, considered as low-LET radiation, can 

scatter and produce only few ionisations along their path. Thus, the particle radiations 

can induce indirect as well as direct ionisations, due to their high LET, which is 

sufficient to disrupt the atomic structure of biological systems and to induce chemical 

changes. 

 

1.3. Linear energy transfer and absorbed dose 

 

The linear energy transfer (LET) and absorbed dose represent the main 

characteristics of the interaction of ionising radiation with biological systems [Kraft 

2000]. The ionization path of X-rays in matter does not present a continuous LET; it 

is rather localized, but discontinuous, along the tracks of the photons. In contrast, 
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carbon ion radiation forms densely ionizing tracks with a continuous LET to the 

environment [Krämer 1993 and 1994]. 

The term LET (Eq. 1.2) was introduced by Zirkle et al. [Zirkle 1959] to represent the 

energy E transferred to unit length x: 

dx
dELET =  

 

Eq. 1.2 

The LET is given by the famous Bethe and Bloch formula [Bethe 1930, Bloch 1933]:  

20

2

2
2

24

ln
4

ZI
mv

vm
NZZe

dx
dE

e

effπ
= , 

 

Eq. 1.3 

where e is the charge of the electron, N is the density of atoms, Z2 is the atomic 

number of the target atoms, me is the mass of electron, v is the particle velocity, Zeff is 

the effective charge of the projectile and I0 is the mean ionization potential projectile. 

Because most radiations consist of a wide spectrum of energies, LET is considered as 

an average quantity. 

The dose of the carbon ion radiation can be calculated according to the following 

equation: 

D (Gy) = 1.6 × 10-9 LET(keVμm)Φ(part/cm2), Eq. 1.4 

where LET is the linear energy transfer and Φ is the fluence of particles. 
 

 
Figure 1.3. Linear energy transfer as a function of the particle energy [Schwab 1991]. 
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As shown in figure 1.3, the energy deposition of charged particles increases with 

decreasing energy, i.e. penetration depth, and reaches to a maximum value at energies 

of around 1 MeV. After this value, the energy deposition decreases slowly for very 

low energy due to the energy loss of the particle with the environment. 

 

The amount of radiation absorbed by a unit mass of material is named absorbed dose 

and it is defined by:  

m
ED

Δ
Δ

= , 
 

Eq. 1.5 

where ΔE is the mean energy transferred by the radiation to a mass Δm. 



Chapter 2 
 

Deoxyribonucleic acid structure and damage  
 

When ionising radiation is absorbed in biological systems, there is a high 

possibility to interact with the critical target in the cells, the deoxyribonucleic acid 

(DNA). Since DNA is the most important biological macromolecule, which contains 

all genetic information of life, it is considered to be the principal target for biological 

effects of radiation [Painter 1979, Hall 1994, Kraft 2000, Currell 2002]. Therefore, the 

structure of the DNA molecule and its possible damages will be discussed in this 

chapter. 

 

2.1. DNA structure 

 

DNA is the nucleic acid that contains all genetic information used in the 

development and functioning of living organisms. DNA molecules have the role to 

store for long-term the genetic information, that contains all instructions needed to 

construct other components of cells, such as proteins, ribonucleic acid, etc. [Lodish 

1995]. The DNA structure has been suggested by James D. Watson and Francis H. C. 

Crick based on the analysis of X-ray diffraction patterns [Watson 1953]. The DNA 

native state is a double helical structure formed by two polynucleotide strands that are 

winded together. Its long linear polymer structure ranges from less than one hundred 

up to hundred million nucleotides, and consists of four different nucleotides. The 

figure 2.1 shows a schematic representation of a nucleotide. 

 
Figure 2.1. Schematic representation of a nucleotide structure. 

17 
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The three compounds of a nucleotide, phosphate group, organic base and 

deoxyribose are depicted schematically in the figure 2.1, while figure 2.2 presents the 

organic bases found in the DNA structure: adenine (A), thymine (T), cytosine (C) and 

guanine (G). Adenine and guanine are purine bases and have a double ring structure, 

while thymine and cytosine are pyrimidine bases and exhibit only one ring structure. 

 

 

 
 

 

Figure 2.2. Chemical structure of organic bases. 

Figure 2.3. Chemical structure of 

deoxyribose. 

 

The deoxyribose structure is presented in figure 2.3 and shows the five carbon 

atoms joined in a ring structure together with one oxygen atom. The DNA strands 

formed by phosphate groups attached to deoxyribose constitute the backbone of the 

double helix structure, while the organic bases are projected in the interior. The 

phosphate used as building blocks are esterified at the 5’ hydroxyl. During the 

formation of the nucleic acid structure, the hydroxyl group attaches to the 3’ carbon 

atom of the deoxyribose of one nucleotide, which forms an ester bond to the 

phosphate of another nucleotide (cf. Figure 2.4). 

In order to maintain the stability of the structure, a larger purine should be 

paired with a smaller pyrimidine inside the DNA backbone, the organic bases being 

coupled A with T and C with G and forming basepairs. The orientation of the strands 

is antiparallel and the strands are held together by the energy of multiple hydrogen 

bonds. The hydrogen bonds appear between the bases from parallel strands. Three 

hydrogen bonds appear between G and C, while only two hydrogen bonds are 

between A and T. The hydrophobic and van der Walls interactions between the 

stacked adjacent base pairs and the twisted structure contribute to the general stability 

of the double helix structure. 
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Figure 2.4. Chemical structures of a small DNA strand containing three nucleotides 

(CAG). The nucleotide at the 3’ end presents a free hydroxyl group on the 3’ end of the 

deoxyribose. Similarly, the 5’ end has a free 5’ hydroxyl or phosphate [Lodish 1995]. 

 

The backbone strand runs in opposite directions; the 5’ and 3’ ends are named 

for the orientation of the 5’ and 3’ carbon atoms of the sugar rings. 

 

2.2. Conformations of the DNA molecule 

 

DNA molecules exist in several possible conformations, as A-DNA, B-DNA, C-

DNA, D-DNA [Hayashi 2005], E-DNA [Vargason 2000], H-DNA [Wang 2006], L-

DNA [Hayashi 2005], P-DNA [Allemand 1998] and Z-DNA [Ghosh 2003, Palecek 

1991], but only A-DNA, B-DNA, and Z-DNA (Figure 2.5) have been observed 

naturally in biological systems and will be discussed later in this subchapter. 
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Figure 2.5. The B, Z and A 

conformations of the DNA structure. 

The organic bases are the colored 

parts inside the structure [W2]. 

 

 

B-DNA is discussed first because it is the normal conformation presented in 

almost all living cells. It has a right-handed double helix. The base pairs are 

perpendicular to the axis of the helix. The axis of the helix passes through the centre 

of the base pairs and each base pair is rotated by 36 degrees from the adjacent base 

pair. The base pairs are stacked 0.33 nm apart from one another, while the double 

helix repeats every 3.32 nm, thus there are about 10 pairs per turn. The width of the 

B-DNA is approximately 2 nm. The spaces between intertwined strands form two 

helical grooves with different widths, called major and minor groves. 

 

Z-DNA is a left-handed double helical structure in which the double helix winds 

to the left in a zigzag pattern. It is thought to be one of three biologically active 

double helical structures along with A- and B-DNA. Z-DNA structure repeats every 

two base-pairs compared to A- and B-DNA, where the sequence unit was only one 

base-pair. It has a width of around 1.8 nm and 12 base-pairs per rotation; one turn 

rises only to 4.56 nm, resulting in a rise per base-pair of 0.38 nm. The major and 

minor grooves, unlike A- and B-DNA, show little difference in width. Formation of 

this structure is generally unfavorable, although certain conditions can promote it; 

such as DNA supercoiling or high salt concentrations. 

 

A-DNA is a right-handed double helix similar to the more common and well-

known B-DNA form, but with a shorter more compact helical structure. It appears in 

dehydrated samples of DNA. Its width is around 2.6 nm and even if it presents 10.7 
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base pairs per rotation, one turn rises only to 2.46 nm, resulting in a rise per base pair 

of 0.23 nm. It presents also major and minor grooves, but due to the more compact 

structure, its structure results in a deepening of the major groove and a swallowing of 

the minor. 

Besides the natural forms, also plasmid DNA exists. It is a molecule separated 

from the chromosomal DNA and capable of autonomous replication. It is typically 

circular and double-stranded and usually occurs in bacteria and sometimes in 

eukaryotic organisms. The size of a plasmid varies from few base-pairs (bp) to several 

hundred kilobase-pairs (kbp). Plasmids serve as important tools in genetics and 

biochemistry, where they are commonly used for multiplication [Russel 2001]. 

Plasmid DNA can appear in three conformations as listed below: 

• supercoiled DNA (fully intact with both strands unbroken, and with one or 

more twists built in, resulting in a compact form) 

• relaxed circular DNA (presents one strand cut) 

• linear DNA (has free ends). 

 
Figure 2.6. Schematic image of a supercoiled plasmid DNA. 

 

Plasmids with different grade of supercoiling (with multiple twists), as in figure 2.6, 

can be obtained by modifying the production process. The DNA damages induced by 

ionising radiation can be easily investigated by using supercoiled plasmid DNA, as 

will be discussed in the following subchapter.  

 

2.3. Types of DNA damages 

 

Figure 2.7 shows schematically the main DNA damages induced by ionising 

radiation in the DNA structure [Kraft 2000, Terato 2004, Goodhead 1999], which can 

be base damage, single strand breaks (SSBs), double strand breaks (DSBs) and cluster 

damage. However, the most critical damages are double-strand breaks, i.e. the rupture 

of both DNA strands within a distance of a few base pairs and cluster damage, i.e. 

multiple SSBs, DSBs and base damages in a range of several nanometers [Psonka 
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2005, Pang 1998 and 2005]. Instead, SSB occur only when one of the DNA strand is 

broken. 

a)  b)  

 

c)  

 

d)  

Figure 2.7. The main DNA damages induced by ionizing radiation: a) base damage, b) single 

strand break, c) double-strand break and d) cluster damage. 

 

Sparsely ionizing radiation (low-LET radiation) induces mainly SSBs, while 

densely ionizing radiation (high-LET radiation) can produce SSBs, DSBs and also 

cluster damage due to its complex ionizing track [Terato 2004, Goodhead 1999]. In an 

intact DNA molecule, dispersed SSBs do not present a high biological relevance for 

cell death, because they can be quickly repaired using the opposite strand as a 

template [Lodish 1995]. The repair processes are more complicated for DSBs, 

because the presence of repair molecules is imperatively necessary in the homologous 

recombination of DNA during double strand break repair. The proteins from the Rad 

family are used in this type of regenerative processes [Conway 2004, Galkin 2006, 

Pellegrini 2002]. While a DSB can be accurately repaired, it is almost impossible to 

repair correctly a cluster damage induced in a DNA molecule. Due to the complex 

damage at several places along the DNA structure, the repair processes with different 

proteins are an impossible work. For this reason cluster damage is suspected to be the 

most important DNA damage induced by ionizing radiation [Kraft 2000 and 2001]. 

The impossibility of rejoining to the initial position causes the death of the cancerous 

cell [Kraft 2000, Hall 1994] and therefore, high-LET radiation are used with great 

success in cancer therapy. In general, DNA damages due to radiation can be induced 

by direct and indirect actions. By indirect action, ionising radiation can produce 

damages in DNA molecules, through radicals resulting from multiple ionizations of 

the DNA’s environment. Direct damages in DNA can be induced by direct action and 
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only by particle radiation. Both types of action are described in the following 

subchapters. 

 

2.3.1. Indirect damage 

 

As explained in subchapter 1.1, ionising radiation can produce the same effects 

in biological systems, such as DNA molecule, as also in other material. In particular, 

the ionising radiation interacts with water from biological tissue and produces radicals 

that are considered to be the main factor for indirect damages induced in DNA 

molecules [Hall94] (Figure 2.8). The indirect damage can be induced by X-rays, but 

also by particle radiation. Several steps are considered to be necessary for radical 

formation. In the first step, fast electrons and highly reactive ion radicals (H2O+) are 

produced through Compton or photoelectric effects.  

eOHOH h −+ +⎯⎯ →⎯ 22
υ  

Due to the unpaired electron in the outer shell, a H2O+ radical can interact with 

another water molecule to form a new reactive radical (HO0). 

HOOHOHOH 0

322 +⎯→⎯+ ++  

The HO0 radical is also highly reactive due to the unpaired electron of the oxygen 

atom and can diffuse over a longer distance to reach, for example, the critical target 

from the cell, the DNA.  

During the radiolysis of the water, other free radicals, such as H0 and HO0 can be 

formed. Their recombination produces dimers (H2), hydrogen peroxides (H2O2) or 

hydroperoxy free radicals (HO2
0), which can induce further indirect damage. The 

reaction ways are listed in the following chemical equations:  

HOHOH 00
2 +⎯→⎯  

HHH 2
00 ⎯→⎯+  

OHHOHO 22

00 ⎯→⎯+  

OHOH 0

22

0 ⎯→⎯+  
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However, the hydroxyl radicals are considered the main factor for indirect damage in 

DNA molecules [Chapman 1973, Roots 1975, Ward 1991], because the concentration 

of the other radicals is too low to make a significant effect. In figure 2.8, the sequence 

of events for producing indirect damage is described schematically. 

incident X-ray photon

fast electron

ion radical

free radical

chemical change due to 
breakage of bonds

biological effect

incident X-ray photon

fast electron

ion radical

free radical

chemical change due to 
breakage of bonds

biological effect  
Figure 2.8. Schematical representation of the path of events for producing indirect damage. 

 

The processes involved in indirect damage differ in their time scale [Hall94]. 

The initial ionisation of water molecule takes place in 10-15 s, while the ion radical has 

a lifetime of about 10-10 s. The free radicals, such as HO0, have longer lifetimes of 

around 10-5 s. Therefore, these radicals diffuse over longer distances before they 

interact with another molecule, a reason for considering them as main promoters for 

indirect DNA damages. 

Sparsely ionising radiation induces mainly indirect damage in DNA molecules 

following the steps presented in figure 2.8, but also particle radiation can induce 

indirect damage due to their complex ionising track. By indirect damage, single-strand 

breaks and base damages are the main damages induced in the DNA molecule. 

 

2.3.2. Direct damage 

 

Direct damages are characteristic for densely ionising radiation [Goodhead 1999] 

caused, for example, by the high-LET of heavy ions [Kraft 2000]. Figure 2.9 shows 

the principle of indirect and direct action of the ionising radiation on DNA molecule. 
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Figure 2.9. The principles of indirect and direct effects of ionising radiation [Hall94].  

 

Atoms of a target, i.e. the DNA, can be directly ionised and an ionising chain 

reaction can be induced that may finally lead to an important biological effect (Figure 

2.9). Thus, carbon ion radiation has the ability to produce all important DNA damages 

described previously, due to their densely ionising track [Krämer 1993 and 1994]. 

Carbon ion radiation has been used in this study, because these ions are also used in 

cancer therapy due to an additional increase in their relative biological effectiveness at 

the end of their range in material [Kraft 2000].  

 

2.4. Types of damage induced in plasmid DNA molecule 

 

A common method to observe single-strand breaks and double-strand breaks is 

the investigation of conformation changes of plasmid DNA molecules. While an 

intact plasmid is supercoiled, its conformation changes to relaxed circular, when at 

least one strand is broken, or to a linear one, when a DSB occurs [Psonka 2005, Hall 

1994, Pang 1998 and 2005]. These conformations are presented schematically in 

figure 2.10. 
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Figure 2.10. Possible DNA conformation changes due to the interaction with ionising 

radiation. 

 

These transformations can be easily analysed by electrophoresis methods 

[Milligan 1996(a-c), Taucher-Scholz 1999]. When the plasmid suffers more than one 

DSB, multiple fragmentation of its structure occurs and several small fragments are 

created. The small fragments can not be analysed by electrophoresis measurements, as 

will be explained in chapter 3. To overcome this drawback SFM can be applied for 

these types of investigation [Brezeanu 2007, Psonka 2005, 2007, Pang 1998, 2005]. 

 

2.5. Radioprotectors 

 

Radioprotectors are substances that do not affect directly the cell radiosensitivity 

rather than the free radicals produced by ionising radiation. Radioprotectors are also 

named scavengers, because their role is to scavenge the free radicals and ions 

produced from the ionisation of water. 

One of the first radioprotectors was a natural amino acid, cysteine, which is 

presented in figure 2.11. It has been used to protect animals from irradiation effects 

[Hall 1994]. 

 

 

 

Figure 2.11. Structure of the cysteine molecule. 

 

The most efficient radioprotectors present a free thiol (SH) group at one end of 

the molecule and a basic function, as amine, at the other end, separated by a small 

linear chain of carbon atoms [Hall 1994]. 
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The mechanism of scavenging is very simple. It involves the reaction of the highly 

reactive free radical, as hydroxyl (HO0), with the scavenger molecule (S). 

SOHSHO 0

2

0 +⎯→⎯+  

In this way, the scavenger blocks the interaction of reactive free radicals with DNA. 

Therefore, their protective effect is based on their ability to scavenge free radicals. 

Several substances, as dimethyl sulfoxide (DMSO) [Milligan 1996b], N-2-

mercaptoethanol-1,3-diaminopropane [Milligan 1996c], 2-mercaptoethanol [Stanton 

1993], have been proposed as nontoxic scavengers for HO- radicals [Billen 1984 and 

1987]. Also Tris buffer [Stanton 1993, Brons 2001, Cunniffe 1999, Haveles 2000, 

Hodgkins 1996] has shown a certain scavenging capacity for free radicals and ions 

produced by the ionization of water. The efficiency of the radioprotectors presented 

above are in general analysed by electrophoresis methods. As mention before, with 

these methods the multiple fragmentations of DNA molecules can not be precisely 

obtained. Consequently, these measurements do not provide detailed data about the 

role of these scavengers. To obtain such data, SFM has been applied in this study to 

analyse with high accuracy the influence of the buffer’s scavenging capacity on 

plasmid DNA damages induced by carbon ions and X-rays and on the relative 

biological effectiveness of carbon ion radiation. 

 

2.6. Survive curves and relative biological effectiveness 

 

The survive curves have been introduced to describe the relationship between 

the radiation dose and the percentage of survive cells. Figure 2.12 depicts an example 

of survive curves for mammalian cells exposed to sparsely and densely ionising 

radiation at doses between D = 0 Gy and D = 16 Gy.  
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Figure 2.12. The survival curves for mammalian cells exposed to sparsely and densely 

ionization radiation at doses between D = 0 Gy and D = 16 Gy [Hall 1994].  

 

The presence of a shoulder in the survive curve presented in figure 2.12 is 

characteristic for sparsely ionizing radiation at very low doses. The cancer therapy 

with X-rays takes advantages of this shoulder by often using small doses to produce 

DNA damages in tumor, while the surrounding healthy tissue can be repaired very 

quickly. It is known that the tumor tissue has a much lower ability for repairing SSBs. 

To describe the cell survive curves a linear-quadratic model was proposed [Hall 94]: 

eS DD 2βα −−= , 
 

Eq. 2.1 

where S is the fraction of surviving plasmids at an applied dose D, and α and β are 

constants. 

For higher doses, the effect curve of X-rays and particle radiation tend to become 

parallel to each other.  

As seen in figure 2.12, the biological effect of radiation on cells is related to the 

dose and depends strongly on the nature of the radiation. This represents the reason 

for introducing the term relative biological effectiveness (RBE). RBE is defined in 

reference to 250 keV X-rays, and represents the ratio between the X-ray dose (Dx) and 

particle dose (DPart) necessary to produce the same biological effect [ICRU Report 

1986]: 
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Part

X

D
DRBE =  

 

Eq. 2.2 

The RBE of particle radiations at cellular level was intensively studied [Gerweck 

1999, Ward 1988, Paganetti 2005, Elsässer 2005 and 2007, Claesson 2007], because 

the understanding of the radiation-tissue interaction can provide relevant information 

for a proper application of particle radiation in cancer therapy [Kraft 2000 and 2001]. 

The RBE can be easily calculated from the survive curves as function of the survive 

rate of the plasmids. The X-ray and carbon ion doses necessary to produce the same 

biological effect can be measured by tracing a parallel line with the dose axis at the 

desired percentage of survive plasmids. 

To the best of my knowledge, RBE calculations at DNA level from SFM and gel 

electrophoresis measurements have not been published so far. This is the reason why 

SFM and gel electrophoresis have been applied to calculate for the first time the RBE 

at DNA level as a function of the survive rate. The RBE calculations can be applied at 

DNA level, assuming that the relaxed circular plasmids can be considered as survived 

molecules. This assumption is justified by the quick repair of SSBs using the opposite 

strand of the plasmid as a template. Because the RBE at molecular level can be 

significant different compared to cellular level, it is important to be analysed with 

high accuracy. 



 



Chapter 3 
 

Gel electrophoresis 
 

In this study, gel electrophoresis measurements have been performed in order to 

analyse the plasmid DNA damages induced by X-rays and carbon ion radiation and to 

determine the RBE values on molecular level. Gel electrophoresis is one of the most 

common analytical methods in molecular biology, used to analyse biological 

macromolecules, such as proteins, DNA or RNA, that are dispersed in aqueous media. 

Gel electrophoresis measurements can provide information about the percentage of 

supercoiled, relaxed circular and linear plasmid fragments, or about the percentage of 

linear fragments within a certain length range [Milligan 1996(a-c), 1993, Taucher-

Scholz 1999, Goodhead 1999]. In the last years, this method has been considered an 

useful tool also for separation of very small complexes of DNA connected to 

nanoparticles for use in medicine and biology [Parak 2003, Zanchet 2001]. 

 

3.1. Basic considerations 

 

Electrophoresis involves the separation of charged molecules on the basis of 

their movement under the influence of an applied electric field [Hames 1981, Melvin 

1987]. As shown in the figure 3.1, positively charged molecules move towards the 

cathode under the influence of an applied electric field, while negatively charged 

molecules move towards the anode. Molecules without charge remain in their initial 

position. 

 
Figure 3.1. Movement of charged molecules under the influence of an electric field. 

 

In gel electrophoresis measurements, the molecules under study move in a liquid 

medium supported by a semi-solid gel. The liquid serves as conductive medium, 

31 
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where the electric field of an external voltage is applied to the system. The velocity of 

a molecule that moves towards the anode or cathode, is called migration velocity (v) 

and its value depends on the molecule itself and the strength of the applied electrical 

field: 

Ev μ=  Eq. 3.1 

where μ is the electrophoresis mobility of the molecule and E is the applied electric 

field. 

The migration velocity of a molecule is: 

1. inversely proportional to the viscosity of the medium (v ~ 1/η), 

2. proportional to the net charge of the molecule (v ~ Q), 

3. inversely proportional to the size of the molecule (its radius r), considering 

that molecular shape also has some effect (v ~ 1/r).   

If molecules with different sizes, but with the same charge, are moving through an 

electrophoresis system, their migration velocities will be inversely related to their 

size, i.e. large molecules will move more slowly than smaller ones [Melvin 1987]. For 

this reason, gel electrophoresis is used for separating molecules on the basis of a 

difference in their charge or, if their charge is the same, by a difference in their 

molecular size. This will be explained in the following subchapter because the latter 

method is used in this study. 

 

3.2. Separation of DNA molecules 

 

DNA molecules contain phosphate groups that form negatively charged 

backbones in aqueous media and therefore, they migrate towards the anode during the 

gel electrophoresis measurements. The charge to size ratio is constant for all single 

and double stranded DNA molecules, since it depends on the ionisation of the 

phosphate backbone. If DNA molecules contain the same number of base pairs, they 

can be separated from each other only on the basis of their shape, e.g. supercoiled, 

circular and linear plasmid [Milligan 1996b and 1993, Murakami 2000].  

For a solution that contains different linear DNA fragments (up to 20 kbp), the 

rate of migration for short linear fragments is directly proportional to the number of 

base pairs for low voltages. In contrast, large linear fragments (over 20 kbp) migrate 

with a certain velocity regardless of their length [Hames 1981].  At higher voltages, 
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large fragments move more quickly than small fragments due to their higher charge 

[Hames 1981]. Therefore, the resolution of a gel’s image decreases with increasing 

voltage. At low voltage, the migration rate of small linear DNA fragments is a 

function of their length. There are different types of gel eletrophoresis measurements, 

depending on the compound of the gel. One of the common methods is agarose gel 

electrophoresis. This method is used in this study and will be described in the 

following. In this case, the gel compound is an agarose molecule (Figure 3.2). 

 

Figure 3.2. The C12H18O9 monomer 

compound of the agarose polymer. 

Figure 3.3. Formation of the agarose semi-solid gel after 

heating and ageing. 

 

As shown in figure 3.3, the agarose molecules in solution form an initial soft gel 

after heating at a temperature of 450 C, and tend to become a final hard gel network 

after aging in air for approximate 20 minutes. The density of the gel network depends 

on the concentration of the agarose. Therefore, big concentration of agarose is used to 

analyse small DNA molecules that can go through the small element of the network, 

while small concentration of agarose is used only to analyse long DNA molecules. 

The soft gel is placed in an open-plastic box before its solidification. Due to the 

aging process of the gel, several wells are created immediately. For the measurements, 

the DNA solution containing a photosensitive molecule is deposited in the wells. 

Figure 3.4 depicts schematically an agarose gel electrophoresis system presenting 

bands containing different DNA fragments. 
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Figure 3.4. Schematic representation of a gel electrophoresis system. The bands containing 

the DNA molecules are presented in dark colour. 

 

When a voltage is applied to the gel, DNA molecules start to migrate and create 

different bands in the gel. Each band contains molecules with similar shape and 

molecular weight. The gel can be stained in different aqueous solutions in order to 

activate the photosensitive molecule and afterwards inserted into a chamber with a 

UV light source. The UV light excited the photosensitive molecule from the bands 

and a CCD camera records the fluorescence image of the gel. The percentage of a 

DNA molecule with a certain shape and molecular weight can be calculated based on 

the image resolution.  

Electrophoresis has been proposed as an ideal method to study routinely 

damages in plasmid DNA induced by ionizing radiation. 

Although, gel electrophoresis can be used for a variety of measurements 

concerning DNA molecules, it has two major drawbacks, which are relevant for this 

study. First, it is impossible to obtain with high accuracy the fragment distributions in 

a large size range, i.e. from some tens to several thousands of base pairs (bp), in the 

same gel. Second, a high amount of each fragment length is required for such 

measurements. After irradiation of plasmid DNA, the amount of each plasmid 

fragment is not high enough to perform gel electrophoresis measurements. Here, these 

limitations are overcome in this study by scanning force microscopy (SFM). 



Chapter 4 
 

Scanning Force Microscopy 
 

As stated before, gel electrophoresis techniques [Milligan 1996a, 1993, Smith-

Ravin 1989, Murakami 1995, Frankenberg 1986] are routinely applied to study DNA 

damages induced by radiation, but they can not provide detailed information about the 

distribution of small fragments and thus, the correct number of induced DSBs. This 

limitation can be overcome by scanning force microscopy (SFM) measurements 

[Binning 1986]. SFM permits direct visualisation and length measurement of 

individual plasmid fragments with an accuracy of several nanometres [Psonka 2005 

and 2007, Pang 1998 and 2005]. Consequently, detailed information on the 

distribution of small fragments can be obtained. SFM belongs to the family of 

techniques called scanning probe microscopy (SPM), which combine three concepts: 

scanning, point probing and near-field operation. Using the near-field regime, the 

spatial resolution is limited only by geometrical parameters, such as tip-sample 

separation and the radius of the tip. The atomic force microscope has been invented in 

1986 by G. Binnig et al. [Binning 1986] and its name was changed to SFM after 

multiple improvements. The SFM has been used successfully due to its high 

resolution, its applicability to atomically flat, but also to rough surfaces. The principle 

of SFM is presented in the figure 4.1. 

 

 

 

Figure 4.1. The principle of SFM. Figure 4.2. Image of a sharp AFM tip [W3]. 

 

A sharp tip (figure 4.2) with a radius of 10 nm is mounted on a cantilever with a 

certain spring constant and brought in close proximity of the sample, placed on a 

35 
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scanner controlled by a piezo element, as shown in figure 4.1. The cantilever can bend 

due to the tip-sample interaction forces and a light beam reflected from the cantilever 

to a photodetector registers this bending. A feedback system controls the vertical Z-

position by checking the current values obtained at the photodetector and maintains a 

constant force between the tip and the sample.  

The movement of the tip on the X-Y plane is performed by a piezoelectric 

system and the actual Z position can be recorded as a function of X and Y positions. 

Short and long range forces between 10-13 and 10-6 N can be measured, because of the 

bending of the cantilever, that oscillates in the range from 0.1 Å to several 

micrometers. 

 

 

Figure 4.3. Atomic resolution image of a 

mica substrate, recorded in contact-mode 

[Zhao 2003]. 

 

Atomic lattices can be imaged with high resolution by SFM, as presented in figure 4.3 

for a mica substrate. 

 

4.1. Types of scanning modes 

 

The interaction forces between the tip and the sample cause a bending of the 

cantilever. These forces are presented in figure 4.4, as a function of distance. 

 
Figure 4.4. Interatomic forces as a function of distance [Anderson 1990]. 
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If the tip approaches the sample, a weakly attractive van der Wals force appears 

between them. The attraction increases gradually till the tip is very close to the sample 

and their electron clouds repel each other electrostatically. The repulsion force 

increases, when the tip to sample distance is decreasing. At very small distances, the 

repulsive forces become dominant and the tip comes in contact with the sample. 

Based on the distance-force curve explained in figure 4.4, three SFM operation modes 

are possible and will be explained in the following subsubchapters. 

 

4.1.1. Contact mode 

 

In contact mode, SFM imaging is based on repulsive forces, that appear between 

the tip and the sample when they are in contact. The repulsive force acts on the 

cantilever, producing its bending according to Hooke’s law: 

k
Fz r=Δ , 

 

Eq. 4.1 

where Δz is the deflection of the cantilever, Fr is the repulsive force and k is the spring 

constant of the cantilever. 

The scanner traces the tip across the sample (or the sample under the tip) and 

the repulsive force causes the cantilever to bend in order to accommodate to the 

changes in topography. The force exerted by the cantilever is like the force of a 

compressed spring. The magnitude and the sign (repulsive or attractive) of the 

cantilever deflection depend on its spring constant and the acting forces. Once the 

SFM has detected a cantilever deflection, it can generate the topographic data by 

operating either in constant height or constant force mode. 

In constant-height mode, the variation in Z-direction of the cantilever deflection 

can be used directly to generate the topographic data, because the Z-position of the 

scanner is fixed as it scans. Constant-height mode is usually used for imaging 

atomically flat surfaces, where the cantilever deflections and thus variations in applied 

forces are small. Constant-height mode is also used for recording real-time images of 

changing surfaces, where high scan speed is essential. 

In constant-force mode, the deflection of the cantilever can be used as input of a 

feedback circuit that moves the scanner up and down in z direction, responding to the 

topography by keeping the cantilever deflection constant. The speed of scanning is 

limited by the response time of the feedback circuit in constant-force mode, but the 
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total force exerted on the sample by the tip is well controlled. Constant-force mode is 

generally preferred for most applications, because the tip can follow the surface 

topography without damaging the sample. 

 

4.1.2. Non-contact mode 

 

In non-contact SFM (NC-SFM), a cantilever vibrates near the surface of a 

sample. The distance between the tip and the sample is on the order of few to tens of 

nanometers. This space is indicated in figure 4.4 as non-contact regime. The total 

force between the tip and the sample in the non-contact regime is very low, generally 

about 10-12 N. This low force is advantageous for studying soft or elastic samples, 

because the tip does not come in contact with the sample and can not damage the 

sample or itself. Cantilevers used for NC-SFM must be stiffer than those used for 

contact SFM (C-SFM), because soft cantilevers can be pulled into contact with the 

sample surface and damaged. The relationship between the resonant angular 

frequency of the cantilever, ω0, and the spring constant of the tip, k, is given by 

equation 4.2: 

m
k

=0ω , 
 

Eq. 4.2 

where k is cantilever's spring constant and m is its mass. 

One has to take into account that the spring constant of the cantilever depends on the 

force gradient experienced by the cantilever: 

z
Fkkeff ∂

∂
−= , 

 

Eq. 4.3 

where keff is the effective spring constant and 
z
F

∂
∂  is the force gradient. 

The changes in resonance frequency of the cantilever can be used as a measure of the 

changes in the force gradient, which reflect the changes in the tip-to-sample distance, 

i.e. the sample topography. The new resonance angular frequency of the 

cantilever, , given by:  '
0ω

z
F

km
keff

∂
∂

−==′ 1100 ωω  
 

Eq. 4.4 
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Figure 4.5. The shift of the resonance frequency due to the force gradient for non-contact 

SFM [W4]. 

 

For an attractive force, the force gradient is bigger than unity, and therefore, a 

shift of the resonance frequency occurs, as shown in the figure 4.5. By keeping the 

resonance frequency or the vibration amplitude constant at the value f*, the system 

also keeps the average tip-to-sample distance constant. 

In NC-SFM mode, the system monitors the resonant frequency or vibration amplitude 

of the cantilever and keeps it constant with the aid of a feedback system that moves 

the scanner up and down. In this way and by scanning the sample with the tip, the 

sample topography can be obtained. Using this mode, damages of the sample and the 

tip are avoided, even after repeated measurements. 

 

4.1.3. Intermittent-contact mode 

 

Intermittent-contact SFM (IC-SFM) or tapping SFM is similar to NC-SFM, 

except that the vibrating cantilever tip is brought closer to the sample so that at the 

bottom of its detection it just barely hits the sample. The cantilever is operated at a 

fixed driving frequency close to, but less than its free-space resonant frequency, as 

shown in figure 4.6. Because the driving frequency is just below the free-space 

resonant frequency, the vibration amplitude of the cantilever increases as the 

cantilever is brought closer to the sample surface, and intermittent contact is 

consequently achieved. 
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Figure 4.6. The shift of the resonance frequency due to the force gradient for IC-SFM mode 

[W4]. 

. 

For intermittent-contact mode, the cantilever's oscillation amplitude changes as 

a function of the tip-to-sample spacing. An image representing the topography of the 

surface is obtained by monitoring these changes. 

Soft hydrophilic samples should be imaged using IC-SFM. This mode 

eliminates lateral forces between the tip and the sample, so it is less likely to damage 

the sample compared to contact SFM operation. However, after a large number of 

measurements in intermittent-contact, the tip can be damaged and the images can not 

be recorded with high resolution anymore. 

 

4.2. SFM imaging of DNA molecule 

 

Since its invention, SFM has focused on a variety of topics, in particular on 

visualising the DNA structure [Hansma 2001, 2005, Muir 1998, Bezanilla 1995], 

manipulating DNA on surfaces [Rief 1997, Severin 2004] or using DNA molecule as 

a conductive material for future molecular electronics [Porath 2000, Gervasio 2002, 

Gutiérrez 2005]. Several substrates, such as gold [Allison 1992 and 1993, Brown 

1991], silica [Wagner 1997, Satoh 2005], highly ordered pyrolytic graphite (HOPG) 

[Severin 2004, Adamcik 2006] and mica [Bustamante 1992, Müller 1997, Rippe 

1997, Dahlgren 2002, Moreno-Herrero 2003] have been proposed for DNA 

deposition. A disadvantage of gold, silica and HOPG surfaces is their higher 

roughness compared to mica surface. 
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a) b)

 

 

 

 

 

 
Figure 4.7. Surfaces of a) gold and b) HOPG substrates. Note the different height scales. 

 

For example, the best gold substrates are prepared by template-stripped gold 

(TSG) method and can present a minimum average roughness of  Ra = 6 Å for an area 

of A = 2.25 μm2 (1.5 μm x 1.5 μm ) (Figure 4.7a), while a HOPG substrate can have 

an average roughness of  Ra = 3 Å (Figure 4.7b), for the same scanning area. 

The most used substrate for studying DNA molecules is mica, because it exhibits 

a flat and hydrophilic surface. Mica is a multilayer material, which is strong bounded 

on horizontal plane and very weak on vertical plane. Therefore, the cleavage of this 

substrate can be easily done with an adhesive tape and extremely flat surface can be 

obtained for several mm2. The complex chemical structure of mica is presented in 

figure 4.8. 

 

 

 

 

 

Figure 4.8. Representation of the chemical 

structure of mica. 

 

The main components of mica are SiO4 groups (the orange tetrahedra in figure 

4.8), which are bound to each other in the horizontal plane and form phyllosilicates. 

Another sheet containing metal ions, such as aluminum or magnesium, surrounded by 

six oxygen atoms that form an octahedral subunit (the red subunit in figure 4.8), is 

placed between two phyllosilicate sheets. This system with three sheets represents a 

mica layer, and their successive assembling is performed by potassium ions. The 

bonds between the potassium ions and mica layers are very weak and therefore the 
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plane containing the metal ions represents the cleavage plane. After cleavage, few 

layers together with the metal ions are removed and the mica surface becomes 

negatively charged. 

In order to bind the DNA molecule on a mica surface, the latter one should be 

functionalized. Gold, silica and HOPG surfaces can be functionalized via thiols, 

methoxysilanes and amino alkane. Also, mica surface can be functionalized with 

aminopropyltriethoxysilane (APTES) [Adamcik 2006, Crampton 2005, Liu 2005, 

Lyubchenko 1992], aminopropyl silatrane (APS) [Shlyakhtenko 1999 and 2003a] or 

spermidine [Snygg 2007, Fang 1998, Butler 2001]. However, the unequal and 

unordered functionalizations of these surfaces can induce SSBs or modification of 

DNA length, not suitable for this study, where the length of the plasmid fragments 

represents the key parameter. 

To surpass these disadvantages, several methods have been proposed by using 

cations, as intermediates between the negatively charged backbone of the DNA and 

the negatively charged surface of the freshly cleaved mica [Bustamante 1992, Müller 

1997, Rippe 1997, Dahlgren 2002, Moreno-Herrero 2003]. Due to its high ionic 

strength that increases the power of the bonds between two negatively charged 

surfaces, magnesium cations (Mg2+) represent the best option for SFM imaging of 

plasmid DNA in air. MgCl2 molecules present a high grade of dissociation in water, 

and therefore, act like providers of magnesium cations [Bustamante 1992, Müller 

1997, Rippe 1997, Dahlgren 2002, Moreno-Herrero 2003]. The cations attach quickly 

to the DNA backbone in solution and also on the mica surface after deposition. The 

use of Mg2+ cations for binding DNA on a mica surface do not induced additional 

damages in the DNA structure. Nevertheless, conformational changes (not damages) 

have been observed in the DNA structure [Shlyakhtenko 2003b], when MgCl2 

solution at the concentration of C = 50 mM has been used. DNA damages have not 

been observed for the low concentration of MgCl2, as used in this study. Therefore, 

MgCl2 at a concentration of C = 10 mM has been used in order to provide Mg2+ 

cations for DNA deposition on mica surface. 



Chapter 5 
 

Materials and methods 
 

ФX174 plasmid DNA in solution (5386 bp, length ≈ 1.8 µm, Promega GmbH, 

Germany) has been used for all experiments. The irradiations have been performed 

with X-rays and carbon ions at the Gesellschaft für Schwerionenforschung (GSI) in 

Darmstadt, Germany. Scanning force microscopy and agarose gel electrophoresis 

methods have been used to analyse the plasmid DNA damage induced by both 

ionizing radiations. 

 

5.1. Irradiation of plasmid DNA solutions  

 

For the irradiation with X-rays, the plasmid solutions have been diluted to a 

concentration of C = 25 ng/μl, using the following radioprotective buffers: 10 mM 

Tris, 92mM Tris and 20 mM HEPES. For every buffer, five Eppendorf tubes have 

been prepared for irradiation, each with 20 µl of solution. One tube was not irradiated 

and used as a control solution, while the other four tubes were irradiated with X-rays 

at doses of D = 250 Gy, 500 Gy, 1000 Gy and 1500 Gy, respectively. The irradiation 

has been performed under anoxic conditions using an X-ray generator operated at 250 

kV with a dose rate of 7 Gy/min. During the irradiation, the DNA samples were 

packed in ice. 

 

For the carbon ion irradiation, the plasmid solutions have been diluted to a 

concentration of C = 100 ng/μl for all three buffers mentioned above. Carbon ions (E 

= 11.4 MeV/u, LET = 174 keV/μm), accelerated at the UNILAC facility at GSI, 

Darmstadt, have been used for irradiation. For each buffer, five samples were 

prepared as thin films (5 μl) on the bottom of Petri dishes (3.5 cm diameter). Four 

samples were exposed to doses of D = 250 Gy, 500 Gy, 1000 Gy and 1500 Gy. One 

sample was not irradiated and served as a control solution. 

 

 

43 



44                                                                                                  Materials and methods 
 

5.2. Agarose gel electrophoresis methodology 

 

The method used for the agarose gel electrophoresis measurements is similar to 

the methods described by Milligan et al. [Milligan 1993] and Taucher-Scholz et al. 

[Taucher-Scholz 1999]. An agarose gel with a concentration of C = 1.4% has been 

prepared.  5 μl of each solution has been mixed with 5 μl loading buffer (10 mM Tris 

and 1 mM EDTA) and 5 μl of TE solution and assayed by gel electrophoresis in TAE 

solution. The gel, having around 0.1 μg plasmid DNA loaded in each well, was 

running at a voltage of V = 18 V for a time of t = 20 hours. Subsequently, the gel has 

been stained for one hour in a solution of ethidium bromide and afterwards distained 

in water for another hour. Using a G-Box system from Syngene Europe, the image of 

the gel was recorded with the resolution of 512 x 512 pixels and 8 bits per pixel, in 

1/3 seconds.  

 
Figure 5.1. Gel electrophoresis image representing the formation of the bands containing all 

three forms: relaxed circular plasmid, linear fragment and supercoiled plasmid, respectively. 

 

As shown in figure 5.1, the supercoiled plasmids move faster than the relaxed circular 

plasmids and linear fragments. Relaxed circular plasmids occupy a larger space in the 

gel compared to linear fragments, and therefore, their migration velocity is lower 

compared to linear plasmid fragments. The Gene Tools software (Syngene Europe) 

has been used to analyse the amount of plasmid DNA in each of its three forms.  

 

5.3. Sample preparation for SFM measurements 

 

For the SFM measurements, part of each plasmid solution was diluted in 10 mM 

Mg2Cl and 10 mM HEPES to a concentration of C = 0.5 ng/μl. The HEPES buffer 
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was necessary to keep the pH-value in the solution constant in order to avoid any 

strand breaks during the sample preparation. 

 

 
Figure 5.2. Schematic representation of plasmid DNA, deposited on mica and the path of a 

SFM tip. 

 

For each sample, 3 μl of the diluted solution was deposited on a freshly cleaved 

mica substrate and rested in air for several minutes. Subsequently, the substrates were 

rinsed with double-distilled water and blow-dried with a gentle nitrogen stream. 

Figure 5.2 shows a schematic representation of plasmid DNA deposited on a mica 

surface and the path of a tip used for the SFM measurements. The SFM measurements 

have been performed using a CP-Research microscope from Veeco Instruments 

operating in non-contact mode in air. The scanning area was 9 μm2 (3 μm x 3 μm) and 

the resolution of the images was 512 pixels x 512 pixels. For each solution, five 

samples have been prepared and 10 images for the irradiated solutions and four 

images for the control solutions were randomly recorded.  

Tips with an average frequency of 325 kHz from MikroMasch have been used for 

imaging. The length of the fragments was measured from the images using ImageJ 

software (NIH, USA) [W1]. 



 



Chapter 6 
 

Influence of Tris buffer concentration on RBE 

of carbon ion radiation 
 

In order to study the influence of the scavenging capacity of Tris buffer on the 

RBE of carbon ion radiation at molecular level, Tris media at different concentrations 

have been used. Gel electrophoresis and SFM methods have been applied in order to 

analyse the plasmid DNA damages and the results obtained by each method will be 

discussed in this chapter. The gel electrophoresis measurements provide general 

information about the percentage of supercoiled, relaxed circular and linear plasmid 

fragments in a sample. On the other hand, it will be demonstrated that SFM 

measurements reveal further detailed information regarding the fragment distributions 

of the irradiated samples. For the experiments, plasmid DNA in 10 mM Tris and 92 

mM Tris solutions has been irradiated with X-rays and carbon ions, at doses of D = 

250 Gy, 500 Gy, 1000 Gy and 1500 Gy. This chapter is organised in three 

subchapters. The gel electrophoresis data are presented in the first subchapter, 

followed by the SFM measurements and a comparison of the plasmid damages 

produced after irradiation in both media. The final subchapter analyses the influence 

of Tris buffer on RBE calculated from the measurements obtained by both methods. 

 

6.1. Agarose gel electrophoresis data 

 

As explained before, a supercoiled (SC) plasmid transforms into a relaxed 

circular (RC) form, when it suffers at least one SSB or converts into a linear fragment 

(LF), if a DSB occurs. After irradiation, the percentages of the three plasmid 

conformations have been calculated from the agarose gel electrophoresis 

measurements, as explained in subchapter 5.2. The results are displayed in figures 6.1 

and 6.2, as a function of the applied dose. 

47 
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Figure 6.1. Percentages of RC, LF and SC forms originating from the irradiation of plasmids 

in 92 mM Tris with X-rays and carbon ions, as a function of dose. 

 

As shown in the figure 6.1, the gel electrophoresis results show a higher amount 

of SSBs produced by low-LET radiation (X-rays) compared to high-LET radiation 

(carbon ions). The percentage of SC plasmids decreases from 96.5% to 1.6% after 

irradiation with X-rays in the dose range from D = 0 Gy to D = 1500 Gy. In contrast 

after irradiation with carbon ions, the SC percentage decreases only from 84% to 

57.5% in the same dose range. 

The percentage of the relaxed circular forms increases rapidly after irradiation 

with X-rays from 3.5% for the control solution (D = 0 Gy) to 94% for D = 1500 Gy, 

while after irradiation with carbon ions, the increase is only moderate, i.e. from 16% 

to 37.1% in the same dose range1. Instead, the percentage of linear fragments 

increases almost similarly from 0% to 4.4% for X-ray irradiation and from 0% to 

5.3% for carbon ion radiation.  

 

Figure 6.2 presents the gel electrophoresis data for the plasmids in 10 mM Tris 

solution after irradiation with X-rays and carbon ions in the same dose range. 

Compared to the irradiation of plasmids in 92 mM Tris, there are no general changes 

of the RC and SC percentages after irradiation with X-rays in 10 mM Tris. 

                                                 
1 The high percentage of relaxed circular plasmid (16%) in the control sample for carbon ion irradiation 
can be attributed to placement of the sample in the chamber used for irradiation and different handling 
compared to solutions irradiated with X-rays. 
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Figure 6.2. Percentages of RC, LF and SC forms resulted after irradiation in 10 mM Tris with 

X-rays and carbon ions, as a function of dose. 

 

Nevertheless, after irradiation of the plasmids with X-rays in 10 mM Tris 

solution, the SC percentage decreases from 91% for a dose of D = 0 Gy to 0.3% at the 

highest applied dose of D = 1500 Gy, i.e. nearly all plasmids have suffered strand 

breaks. Instead, after carbon ion irradiation, the SC percentage decreases from 84.5% 

to 18.7%, while the RC percentage increases more drastically from 15.5% to 73.5% in 

the same dose range. After X-ray irradiation, the RC percentage increases from 9% to 

93.6% in the same dose range. The increase of the LF production is almost linear from 

0% to 6.1% for X-ray irradiation and from 0% to 7.7% after carbon ion irradiation, in 

the dose range from D = 0 Gy to D = 1500 Gy. For a better overview, the most 

important data resulting from the gel electrophoresis results have been summarized in 

table 6.1 

X-rays Carbon ions  

Medium 

Plasmid 

conformation D = 0 Gy D =1500 Gy D = 0 Gy D =1500 Gy 

92 mM Tris SC 96.5% 1.6% 84.0% 57.5% 

92 mM Tris RC 3.5% 94.0% 16.0% 37.1% 

92 mM Tris LF 0% 4.4% 0% 5.3% 

10 mM Tris SC 91.0% 0.3% 84.5% 18.7% 

10 mM Tris RC 9.0% 93.6% 15.5% 73.5% 

10 mM Tris LF 0% 6.1% 0% 7.7% 

Table 6.1. The SC, RC and LF percentages before irradiation and after irradiation with the 

highest dose of D = 1500 Gy (in 92 mM Tris and 10 mM Tris environments). 
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It shows the results obtained for plasmids irradiated in 92 mM Tris and 10 mM 

Tris buffer environments. Due to a homogeneous distribution of ionizing effects of the 

X-rays, more SSBs (resulting in a high percentage of RC plasmids) have been 

obtained after irradiation with X-rays compared to carbon ions, independent of the 

buffer concentration. However, these damages are not critical because they can be 

easily repaired. DSBs are considered critical, and therefore, it is much more important 

to analyse the evolution of LF percentage. From table 6.1, it can be seen that there are 

no significant differences between the LF percentages registered after irradiation with 

X-rays and carbon ions. The differences are on the order of 1%, and can not explain 

the efficiency of carbon ions in cancer therapy.  

In order to calculated the RBE values, the survive rates should be already 

available. Therefore, the survive rates have been calculated from the gel 

electrophoresis data and plotted as a function of dose in figure 6.3. The supercoiled 

and relaxed circular plasmids have been considered as survive molecules, due to the 

fact that SSBs can be quickly repaired, using the opposite strand as a template. The 

survive curves will be used further for the calculation of the RBE. 
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Figure 6.3. Survive curves calculated from the electrophoresis data for the solutions irradiated 

with X-rays and carbon ions in 10 mM and 92 mM Tris, as functions of dose. 

 

The survive rate of plasmids is higher after irradiation in 92 mM Tris compared 

to 10 mM Tris solution, and a higher amount of survived plasmid was observed after 

irradiation with X-rays compared to carbon ion irradiation. For both types of 
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irradiation and both buffer environments, the survive rate decreases as a function of 

dose.  

After irradiation of the plasmids with X-rays in 92 mM Tris buffer, the survive 

rate decrease from 99.3% to 95.6% in the dose range from D = 250 Gy to D = 1500 

Gy. For the plasmids irradiated in 10 mM Tris solution, the decrease of the survive 

rate is almost similar, from 98.9% to 94.9%, in the same dose range. Instead, after 

irradiation of the plasmids with carbon ions, the survive rate decreases from 98.7% to 

93.7% for the 92 mM Tris environment and from 98.0% to 92.2% for the 10 mM Tris 

solution, in the dose range from D = 250 Gy to D = 1500 Gy. The gel electrophoresis 

measurements have shown that a significant amount of plasmids has suffered at least 

one DSB after irradiation. However, the agarose gel electrophoresis can not analyse 

small fragments resulted after irradiation. Thus, to analyse the fragment distributions 

in detail, SFM measurements have been carried out.  

 

6.2. Scanning Force Microscopy measurements 

 

SFM measurements have been performed in order to analyse the fragment 

distributions in detail. The relaxed circular and supercoiled plasmids do not contribute 

to the fragment distributions, and therefore, are not considered here. However, they 

have been analysed with SFM too, to calculate the number of DSBs per irradiated 

plasmid and per broken plasmid. 

 

6.2.1. Irradiation of plasmid molecules in 92 mM Tris solution 

 

A 92 mM Tris solution has been chosen, because at this concentration, the Tris 

buffer presents the same scavenging capacity for HO- radicals as the 20 mM HEPES 

solution and their comparison will be performed in chapter 7. To investigate the 

induced DSBs, a detailed SFM analysis of the linear fragments of the irradiated 

samples has been performed. For this purpose, 3.0 µl of each plasmid solution, 

corresponding to 1.5 ng of plasmid DNA, has been deposited onto mica substrates and 

was subsequently imaged.  

Several typical SFM images of the control (D = 0 Gy) and plasmid solutions 

irradiated in 92 mM Tris environment with X-rays and carbon ions are depicted in 

figure 6.4. The number of observed plasmids per image is different, because the DNA 
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is randomly distributed over the entire sample and SFM images have been recorded 

aimlessly. While no plasmid fragments are observed for the control solutions (Figure 

6.4 a and d), an increased amount of linear fragments can be seen for the samples after 

irradiation with X-ray and carbon ions with increasing doses (Figure 6.4 b-c and e-f).  

  

  

  
Figure 6.4. Typical AFM images of the control solutions (a), (d), and plasmid DNA in 

92 mM Tris solution irradiated with X-rays with doses of D = 250 Gy (b) and D = 1500 Gy 

(c), and with carbon ions at doses of D = 250 Gy (e) and D = 1500 Gy (f). 
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The first observation is in accord with the gel electrophoresis measurements, 

where also no linear fragments were detected for the control solutions. This verifies 

that no systematical errors occur during SFM measurements. The length of each 

plasmid fragment has been determined from the SFM images with ImageJ software, in 

order to obtain the fragment distributions after irradiation. 
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Figure 6.5. Histograms of the fragment distributions of plasmid DNA in 92 mM Tris solution 

after irradiation with a) X-rays and b) carbon ions at doses between D = 250 Gy and D = 1500 

Gy. The histograms show that a significant percentage of plasmid has suffered only one DSB, 

represented by the columns at L = 1800 nm. 
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To obtain an accurate fragment distribution, 467 fragments have been analysed 

for the plasmid solutions irradiated with X-rays (64 fragments for the sample 

irradiated with D = 250 Gy, 97 fragments for D = 500 Gy, 142 fragments for D = 

1000 Gy and 165 fragments for D = 1500 Gy), while for the samples irradiated with 

carbon ions, 493 fragments have been analysed (73 fragments for the sample 

irradiated with D = 250 Gy, 99 fragments for D = 500 Gy, 149 fragments for D = 

1000 Gy and 173 fragments for D = 1500 Gy). 

The histograms from figure 6.5 show the probability of producing (measuring) 

fragments with a certain length. Each column represents a fragment length L in a 

length interval of 100 nm. For example, the columns centered at L = 1700 nm contain 

all measured fragments with lengths between L = 1650 nm and L = 1750 nm, 

exception being the column centered at L = 100 nm, which contains fragments with 

lengths between L = 25 nm (the smallest measured fragment) and L = 150 nm. With 

this notation, the columns at L = 1800 nm corresponds to the full contour length  = 

1831 nm of the ФX174 plasmid. All histograms show that the amplitude of L = 1800 

nm, i.e. the percentage of plasmids with only one DSB, decreases steadily for 

increasing dose. The percentage of small fragments between L = 100 nm and L = 600 

nm increases after irradiation with X-rays from 7.8% for the dose of D = 250 Gy to 

20.0% for the dose of D = 1500 Gy. After carbon ion irradiation, the percentage 

increases from 14.8% to 26.0% in the same dose range. In order to demonstrate the 

differences of plasmid damage induced by X-rays and carbon ions in more detail, the 

fragment distributions, resulting after irradiation at the lowest and the highest doses, 

are presented in figure 6.6. 
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Figure 6.6. Histograms of the fragment distributions after irradiation with X-rays and carbon 

ions at doses of a) D = 250 Gy and b) D = 1500 Gy. 
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Different fragmentation of the plasmid DNA after irradiation with X-rays and 

carbon ions can be observed from figure 6.6, indicating that a higher amount of DSBs 

has been produced by irradiation with carbon ions as compared to X-ray irradiation.  

 

6.2.2. Irradiation of plasmid molecules in 10 mM Tris solution 

 

Plasmids in 10 mM Tris solution have been irradiated as before with X-rays and 

carbon ions using the same doses and subsequently imaged with SFM.  

Several typical SFM images of nonirradiated (a, d) and irradiated plasmids DNA 

(b, c, e, f) are depicted in figure 6.7. The SFM images recorded for the nonirradiated 

solutions in 10 mM Tris do not show any linear fragments, demonstrating once again 

that no systematic errors occur during sample preparation. 
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Figure 6.7. Typical AFM images of the control solutions (a), (d), and plasmid DNA in 

10 mM Tris solution irradiated with X-rays with doses of D = 250 Gy (b) and D = 1500 Gy 

(c), and with carbon ions at the doses of D = 250 Gy (e) and D = 1500 Gy (f). 

 

In order to obtain the fragment distributions, 479 fragments have been analysed 

for the plasmid solutions irradiated with X-rays (79 fragments for the sample 

irradiated with D = 250 Gy, 105 fragments for D = 500 Gy, 119 fragments for D = 

1000 Gy and 176 fragments for D = 1500 Gy), while for the samples irradiated with 

carbon ions, 611 fragments have been analysed (83 fragments for the sample 

irradiated with D = 250 Gy, 133 fragments for D = 500 Gy, 154 fragments for D = 

1000 Gy and 241 fragments for D = 1500 Gy). 

The histograms of the fragment distribution presented in figure 6.8 show the 

decrease of the amplitude from L = 1800 nm with the dose. 
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Figure 6.8. Histograms of the fragment distributions of plasmid DNA in 10 mM Tris solution 

after irradiation with a) X-rays and b) carbon ions at doses between D = 250 Gy and D = 1500 

Gy.  

 

As shown in figure 6.8, the percentage of small fragments, i.e. between L = 100 

nm and L = 600 nm, resulting after irradiation with X-rays increases from 20% for the 

dose of D = 250 Gy to 29.5% for the dose of D = 1500 Gy. After carbon ion 

irradiation, the increase is from 22.8% to 32.4% for the same dose range.  
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Figure 6.9. Histograms of the fragment distributions after irradiation with X-rays and carbon 

ions at doses of a) D = 250 Gy and b) D = 1500 Gy. 

 

Figure 6.9 exhibits the different fragment distributions induced in the plasmid 

molecule by X-rays and carbon ions at the lowest dose of D = 250 Gy and at the 
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highest dose of D = 1500 Gy. As expected, the SFM measurements show a clear 

difference between fragment distributions induced by both types of radiation.  

 

6.2.3 Comparison of plasmid damages induced by radiation in 10 Mm Tris and 

92 Mm Tris environments 

 

Different fragment distributions of the plasmids have been observed after 

irradiation with X-rays and carbon ions in 10 mM Tris and 92 mM Tris environments. 

Thus, the average fragment length (<L>), the average number of DSBs per irradiated 

plasmid (<DSBt>) and per broken plasmid (<DSBb>) and the survive rate (S) have 

been calculated for a detailed analysis of the plasmid damages induced in both 

solutions by X-rays and carbon ions,. 

From the data presented in the figures 6.5 and 6.8, the average fragment length 

<L> has been calculated and the results are plotted as a function of the applied dose, 

in figure 6.10. The average length of the fragments has been calculated from: 

< L > = ( ) / n ∑
=

n

i
iL

1

 

Eq. 6.1. 

where Li is the length of an individual fragment and n is the number of counted 

fragments. 
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Figure 6.10. The average fragment length of the plasmids as a function of applied dose. The 

line is a guide to the eye. No plasmid fragments have been observed in the control solutions, 

and therefore no values can be given for D = 0 Gy. 
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As expected, the average length of the plasmid fragments decreases with the 

increase of the irradiation dose, as seen in figure 6.10. After irradiation with X-rays, 

the average length of the fragments in 92 mM Tris environment decreases from < L > 

= 1456 nm at the dose of D = 250 Gy to < L > = 1198 nm at the dose of D = 1500 Gy, 

while after irradiation in 10 mM Tris solution, the average length of the fragments 

decreases from < L > = 1340 nm to < L > = 1123 nm. 

The tendency of a smaller average length of the fragments for the plasmids 

irradiated in 10 mM Tris solution compared to irradiation in 92 mM Tris solution was 

noticed also after irradiation with carbon ions. In the case of the lower Tris 

concentration, the average length of the fragments decreases from < L > = 1240 nm to 

< L > = 957 nm, while for the 92 mM Tris environment, the decrease is from < L > = 

1330 nm to < L > = 1098 nm.  

The results show that more than one DSB per plasmid occurs after irradiation 

with X-rays and carbon ions in both environments. The plasmid fragmentation is more 

pronounced after irradiation with carbon ions, indicating that plasmids irradiated with 

carbon ions suffered more DSBs than after irradiation with X-rays. Also, a higher 

degree of fragmentation is observed for the plasmids irradiated in 10 mM Tris 

solution compared to 92 mM Tris medium, demonstrating the capability of Tris 

molecule to scavenge the radicals produced by water ionization. These results show 

an increased scavenging capacity of Tris solution with concentration.  

In order to quantify clearly the critical damages (DSBs) induced by both types 

of radiation and the efficiency of the carbon ions, the average numbers of DSBs per 

counted plasmid <DSBt> and per broken plasmid <DSBb> have been calculated, 

according to the following equations [Pang 1998]: 

 

<DSBt> = n / (∑   
=

+
n

i
ui NLL

1

ˆ/ )
 

Eq. 6.2. 

 

<DSBb> = n / (  )                             ∑
=

n

i
i LL

1

ˆ/
 

Eq. 6.3. 

 

where Nu is the total number of intact plasmids (SC and RC forms) counted from the 

SFM images and  is the length of an intact plasmid (  = 1831 nm). L̂ L̂
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Figure 6.11. The average number of DSBs per counted plasmid (<DSBt>) as a function of 

dose.  

 

The average number of DSBs per counted plasmid increases almost linearly 

with the applied dose and its values are higher for the plasmids irradiated with carbon 

ion and especially for irradiation in 10 mM Tris environment. For increasing dose of 

X-rays, <DSBt> increases from 0.16 to 0.28 for plasmids irradiated in 10 mM Tris 

environment and from 0.07 to only 0.18 for plasmids irradiated in 92 mM Tris 

solution, in the dose range from D = 250 Gy to D = 1500 Gy. Instead, after irradiation 

of the plasmids with carbon ions, <DSBt> increases from 0.17 to 0.35 for 10 mM Tris 

environment and from 0.13 to 0.26 for 92 mM Tris solution, in the same dose range. 

By extrapolating the <DSBt> values linearly to D = 0 Gy, it can be seen that they 

present higher values than zero. This is in contradiction with our previous results, 

because no plasmid fragment has been observed for the nonirradiated solution. At low 

doses, a deviation of the <DSBt> from the linear behavior must occur. The measured 

values in this study are higher due to the ionization effect at high doses. At the highest 

applied dose of D = 1500 Gy, the <DSBt> presents the highest value for plasmid 

irradiated in 10 mM Tris with carbon ions, while the lowest value is registered for the 

plasmid irradiated in 92 mM Tris with X-rays. 

 The data presented in figure 6.11 show the efficiency of carbon ions to produce 

in general more DSBs per irradiated plasmid compared to X-rays, when the same 

environment is used, and also the increased scavenging role of Tris molecule with the 

rise of its concentration. 
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The <DSBb> represents a more important parameter to evaluate the damage 

induced by low- and high-LET radiations, because carbon ions act locally and only 

calculating the multiple DSBs induced per broken plasmid can provide relevant data 

about their localised damage. Due to a high twisted form of the native plasmid DNA 

in solution, one carbon ion can induced more than only one DSB by crossing a 

supercoiled plasmid, resulting in two or more plasmid fragments. The localised 

multiple DSBs cannot be repaired anymore and therefore, cancer therapy with heavy 

ions takes advantages of them. Figure 6.12 shows the <DSBb> as a function of dose, 

where an approximately linear behavior, as for <DSBt>, is observed.  
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Figure 6.12. The average number of DSBs per broken plasmid (<DSBb>) as a function of 

dose. 

 

After irradiation with X-rays in 10 mM Tris environment, the value of <DSBb> 

increases almost linear from 1.34 to 1.61, while after irradiation in 92 mM Tris 

environment, <DSBb> increases from 1.25 to 1.52, in the dose range from D = 250 Gy 

to D = 1500 Gy. Instead, after irradiation with carbon ions, the <DSBb> increases 

from 1.50 to 1.71 for the plasmids irradiated in 10 mM Tris solution, while after 

irradiation in 92 mM Tris environment, the <DSBb> value rises from 1.38 to 1.65. 

The minimal expected value for <DSBb> is 1, when only linear plasmid fragments 

(that suffer one DSB) can be visualised. This is not the case of the nonirradiated 

plasmids (D = 0 Gy), where no linear fragments have been observed. But, in this case, 

by extrapolating the <DSBt> value linear to D = 0 Gy, it can be seen that it presents 
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higher value than unit. This is due to the dense ionizing effect developed by the high 

doses of radiation applied in this study. 

<DSBb> presents higher values for the plasmid irradiated in 10 mM Tris 

solution compared to the plasmid irradiated in 92 mM Tris environment. These results 

show again the influence of the Tris concentration on the scavenging capacity of the 

DNA's environment, pointing out that an increased concentration of Tris buffer 

provides a better protection against indirect damage induced by ionizing radiation. 

Even if the same amount of plasmid DNA has been irradiated at the same doses, 

different plasmid fragmentation and different <DSBt> have been observed, when Tris 

environments at different concentration have been used. This demonstrates the 

relevant role of Tris molecules to scavenge the radicals produced by ionizations of 

water. 
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Figure 6.13. Survive rates calculated from the SFM images for the plasmid solutions 

irradiated with X-rays and carbon ions in 10 mM and 92 mM Tris solutions, as functions of 

dose. 

 

In order to calculate the survive rate, the amount of the broken plasmids have 

been calculated from the fragment distributions and the survive plasmids (SC and RC 

plasmids) have been counted from the SFM images. The survive rates deduced from 

the SFM measurements are plotted as a function of dose in figure 6.13 and will be 

used further for the calculation of the RBE. The survive curves exhibit an initial 

strong decrease of the percentage of the survive plasmids until the dose of D = 250 Gy 

for irradiation with carbon ions. This result is attributed to the effectiveness of carbon 

ions to produce more critical damages (DSBs) compared to X-rays, at low doses. The 
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survive curves further present a linear behaviour in the dose range from D = 250 Gy 

to D = 1500 Gy. As shown, the survive curves after carbon ion and X-ray irradiations 

become parallel at high doses. The same behaviour of the survive rates was observed 

also for the cells irradiated after irradiation with X-rays and particle radiation [Hall 

94]. These results are attributed to the high density of ionising effects produced by 

both types of radiation.  

After X-ray irradiation of the plasmids in 92 mM Tris buffer, the survive rate 

decreases from 96.7% to 87.6% in the dose range from D = 250 Gy to D = 1500 Gy, 

while after irradiation with carbon ions, it decreases from 94.8% to 83.8%. For the 

plasmids irradiated in 10 mM Tris solution, the decrease of the survive rate is from 

95.8% to 86.0% after X-ray irradiation and from 91,9% to 79.7% after carbon ion 

irradiation, in the same dose range. Due to a higher fragmentation rate registered after 

plasmid irradiations with carbon ions, a lower survive rates have been calculated 

compared to X-ray irradiation. Also lower survive rates have been registered for the 

plasmids irradiated in 10 Mm Tris environment, demonstrating once again the 

scavenging role of the Tris buffer. 

 

6.3. RBE calculation 

 

The relative biological effectiveness (RBE) represents the major parameter that 

is taken into account for a proper application of particle radiation in cancer therapy. 

RBE is defined as the ratio between the X-ray dose and particle dose necessary to 

produce the same biological effect. Therefore, the RBE depends strongly on particle 

type and DNA’s environments. The RBE on molecular level can be calculated from 

the survive curves obtained from SFM and gel electrophoresis measurements.  

For the first time, precise survive curves have been obtained by SFM and thus, 

more accurate values for the RBE on DNA level have been calculated.  

The values of the relative biological effectiveness, used in this subchapter, have 

been deduced from the survive curves presented in figures 6.3 and 6.13, and the 

results are plotted as a function of the survive rate in figure 6.14. 

From gel electrophoresis measurements, the RBE could be calculated only for 

the survive rates between 96% and 99%, because this method could not detect the 

small plasmid fragments that lead to a decrease of the survive rate below 96%. In 

addition, gel electrophoresis can detect only single DSB, which does not reflect 
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precisely the plasmid damages and therefore, the RBE values are underestimated. 

Instead, from the SFM measurements the RBE values could be calculated over a 

larger survive rate range, from 88% to 98%. By quantifying the plasmid fragments 

from the SFM images, a larger set of data has been obtained compared to gel 

electrophoresis. The SFM method is able to detect multiple DSBs, and therefore, a 

more detailed and precise analysis of the plasmid fragments can be performed. This 

results in an accurate calculation of the survive rates and implicit to higher RBE 

values.  

In all cases, a linear increase of RBE with the survive rate is observed. After 

irradiation of the plasmids in 10 mM Tris environment, RBE increases from 1.60 to 

2.77 for SFM measurements and from 1.83 to 2.58 for the gel electrophoresis 

measurements. Furthermore, for plasmids irradiated in 92 mM Tris environment, the 

RBE increases from 1.36 to 1.93 for SFM measurements and from 1.54 to 1.85 for gel 

electrophoresis measurements. 
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Figure 6.14. RBE calculated from SFM and gel electrophoresis measurements, as function of 

survive rate for the two different Tris concentrations. 

 

The evolution of RBE has been fitted with a linear polynomial function and the 

results are inserted in figure 6.14. Surprisely for different Tris concentration one can 

get different slopes for RBE evolution as a function of the survive rate.  To explain 

the different slope, the experimental errors can be excluded due to the fact that all 

points show an excellent linear behavior. In addition, it will be shown in the next 
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chapter, that the RBE as a function of survive rate has almost the same slope when the 

plasmids are irradiated in 92 mM Tris or 20 mM HEPES buffers. This effect is still 

under investigation. To the best of my knowledge, there are no data available in the 

literature regarding the scavenging processes of Tris molecule. At least, the saturation 

effect can be excluded, because it can lead only to the opposite effect, when 10 mM 

Tris medium can present a higher scavenging capacity compared to 92 mM Tris 

solution. 

For a better overview, the RBE calculated from gel electrophoresis and SFM 

measurements at the survive rates of 96% and 98% are presented in table 6.2.  

 

RBE (Gel electrophoresis) RBE (SFM)  

Survive rate 10 mM Tris 92 mM Tris 10 mM Tris 92 mM Tris 

96% 1.83 1.54 2.44 1.88 

98% 2.26 1.72 2.77 1.93 

Tabel. 6.2. The RBE values calculated from gel electrophoresis and SFM measurements at the 

survive rates of 96% and 98%. 

 

At the same survive rate, the results show higher RBE values resulting from the 

SFM measurements compared to gel electrophoresis data and also lower RBE values 

for the plasmids irradiated in 92 mM Tris solution compared to irradiation in 10 mM 

Tris medium. As demonstrated in this study, the 10 mM Tris environment has 

exhibited a lower scavenging capacity compared to 92 mM Tris solution. This is due 

to the high amount of radicals and ions, that have been neutralized in 92 mM Tris 

environment and therefore, higher RBE values have been registered for the irradiation 

of the plasmids in this environment. 



 



Chapter 7 
 

Influence of buffer type on RBE of carbon ions 
 

HEPES buffer has been used in addition as environment for plasmid DNA 

molecules, in order to study the influence of the general scavenging capacity of 

HEPES relative to Tris buffers on the RBE of carbon ion radiation at molecular level. 

Plasmid DNA in 92 mM Tris and 20 mM HEPES environment has been irradiated 

with X-rays and carbon ions, in the dose range from D = 250 Gy to D = 1500 Gy. The 

concentrations of Tris and HEPES buffers have been chosen in such a way, that both 

environments have presented the same scavenging capacity for HO0 radicals [Hicks 

1986], which are considered to be the main promoter of the indirect DNA damage. 

Gel electrophoresis and SFM have been applied to analyse the plasmid damages 

induced by low-LET (X-rays) and high-LET (carbon ions) radiations and the results 

obtained by each method are discussed. 

The SFM and gel electrophoresis measurements of the plasmids irradiated in 92 

Mm Tris environment have been presented in the chapter 6. Therefore, only their 

relevant results for the comparison to the plasmids irradiated in 20 mM HEPES 

solution will be detailed in this chapter. The first subchapter contains the gel-

electrophoresis data of the plasmid solution irradiated in 20 mM HEPES environment. 

The SFM results and the comparison of the plasmid damages induced after irradiation 

in 92 mM Tris and 20 mM HEPES solutions are shown in the second subchapter. In 

the final subchapter, the influence of the general scavenging capacity of Tris and 

HEPES buffers on RBE is analysed and discussed. 

 

7.1. Gel electrophoresis data 

 

The gel electrophoresis measurements show the evolution of plasmid damages 

induced by X-ray and carbon ion radiations in 20 mM HEPES environment. Figure 

7.1 exhibits the percentages of supercoiled plasmids (SC), relaxed circular plasmids 

(RC) and linear fragments (LF) after irradiation. As expected, the RC and LF 

percentages increase by raising the applied dose, while the SC percentage decreases. 

67 
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Figure 7.1. Percentages of RC, LF and SC forms, resulting the irradiation in 20 mM HEPES 

with X-rays and carbon ions, as a function of dose 

 

The SC percentage presents a strong decrease from 94.4% to 0.8% after 

irradiation of plasmids with X-rays, compared to a less smaller decrease from 85.5% 

to 55.0% after irradiation with carbon ions in the same dose range, from D = 0 Gy to 

D = 1500 Gy. As expected, a higher increase of the RC percentage, from 6.0% to 

94.0%, is registered after X-ray irradiation, compared to a lower increase, from 14.0% 

to 37.6%, after carbon ion irradiation. In contrast, the LF percentages do not show 

significant differences for the two types of radiation and increase from 0% to 4.7% 

after X-ray irradiation and from 0% to 7.6% after carbon ion irradiation. 

For a better overview, the most important results from the gel electrophoresis 

measurements have been summarized in table 7.1. It shows the results obtained for 

plasmids irradiated in 92 mM Tris and in 20 mM HEPES buffer environments with X-

rays or carbon ions. As displayed in table 7.1, the differences between the plasmid 

damages induced in 92 mM Tris and 20 mM HEPES environments by the same type 

of radiation are almost insignificant. The percentage differences are less than 2% and 

indicate that almost the same DNA damages occur in both environments and the 

general scavenging capacities of these two buffers are almost identical. Furthermore, 

it can be clearly observed a higher amount of SSBs induced in plasmids after 

irradiation with X-rays compared to carbon ions. The result is a high percentage of 

RC plasmids, but as stated before, these damages are not critical due to their self-

repair capacity. Besides this, over 60% of linear fragments have been registered after 
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irradiation with carbon ions compared to X-rays. Because DSBs are considered 

critical damages, they will be analysed in the following subchapter. 

 

X-rays Carbon ions Medium Plasmid 

conformation D =0 Gy D =1500 Gy D =0 Gy D =1500 Gy 

92 mM Tris SC 96.5% 1.6% 84% 57.5% 

92 mM Tris RC 3.5% 94% 16% 37.1% 

92 mM Tris LF 0% 4.4% 0% 5.3% 

20 mM HEPES SC 94.4%  0.8% 85.5% 55% 

20 mM HEPES RC 6%  94% 14% 37.6% 

20 mM HEPES LF 0%  4.7% 0% 7.6% 

Table 7.1. The SC, RC and LF percentages before irradiation and after irradiation with 

the highest dose of D = 1500 Gy (in 92 mM Tris and 20 mM HEPES environments). 

 

The survive rates have been calculated from the gel electrophoresis data and are 

plotted as a function of dose in figure 7.2. They will be used later for the calculation 

of the RBE.  
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Figure 7.2. The survive curves of the solutions irradiated with X-rays and carbon ions in 92 

mM Tris and 20 mM HEPES, as a function of dose. 

 

The sum of SC and RC percentages has been considered as the percentage of 

survived molecules, as stated in chapter 6. The results show that the survive rates 

decrease almost linearly with the rise of the applied dose in the range from D = 0 Gy 

to D = 1500 Gy. For a better overview, the survive rates obtained from gel 
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electrophoresis measurements for the doses of D = 250 Gy and D = 1500 Gy are 

summarized in table 7.2. 

 

Survive Rate 

X-rays Carbon ions 

 

Medium 

D = 250 Gy D = 1500 Gy D = 250 Gy D = 1500 Gy 

92 mM Tris 99.3% 95.6% 98.7% 93.7% 

20 mM HEPES 99.0% 95.3% 98.3% 93.2% 

Table 7.2. The survive rates calculated from gel electrophoresis results for irradiation of 

plasmids with X-rays and carbon ions with doses of D = 250 Gy and D = 1500 Gy. 

 

As observed in table 7.1, after X-ray irradiation of the plasmids in 92 mM Tris 

buffer, the survive rate decreases from 99.3% to 95.6% in the dose range from D = 

250 Gy to D = 1500 Gy, while for plasmids irradiated in 20 mM HEPES solution, the 

decrease of the survive rate is very similar (from 99.0% to 95.3%). Similar results 

were obtained after irradiation of plasmids with carbon ions. In this case, the survive 

rate decreases from 98.3% to 93.2% for 20 mM HEPES environment and from 98.7% 

to 93.7% for 92 mM Tris solution, in the same dose range. As expected, slightly lower 

values of the survive rate have been registered for the plasmids irradiated with carbon 

ions compared to X-ray irradiation in the same environment. Even if both 

environments have the same affinity to scavenge the HO0 radicals that induce around 

75% of indirect damages, no relevant differences in plasmid damages have been 

registered after irradiation. However,  the gel electrophoresis method can not detect 

the small plasmid fragments after irradiation, as demonstrated in chapter 6, and 

therefore, SFM measurements have been performed in order to analyse the small 

plasmid fragments in detail. 

 

7.2. Scanning Force Microscopy measurements 

 

7.2.1 Irradiation of plasmid molecules in 20 mM HEPES solution 

 

As stated before, gel electrophoresis is not capable to detect small plasmid 

fragments and, therefore, can not provide accurate information about the amount of 

DSBs induced by ionising radiation. For this purpose, SFM has been applied in order 
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to detect small fragments. Several typical SFM images of nonirradiated and irradiated 

plasmids with X-rays and carbon ions in 20 mM HEPES solution are depicted in 

figure 7.3. 

 

  

  

  
Figure 7.3. Typical AFM images of the control solutions for X-rays (a) and carbon ions (d), 

and irradiated plasmid DNA in 20 mM HEPES solution with X-rays with doses of D = 250 

Gy (b) and D = 1500 Gy (c), and with carbon ions at doses of D = 250 Gy (e) and D = 1500 

Gy (f). 
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As it can be seen in the figure 7.3, no fragments can be observed for the control 

solutions (Figure 7.3 a and d), in accordance with the gel electrophoresis 

measurements, where also no fragments were detected. This demonstrates that sample 

preparation has run properly. The appearance of small plasmid fragments with 

increasing dose can be also observed from the images presented in figure 7.3 (b, c, e 

and f). 

In order to have a very small statistical error, 479 fragments have been analysed 

for the plasmid solutions irradiated with X-rays (74 fragments for the sample 

irradiated with D = 250 Gy, 108 fragments for D = 500 Gy, 142 fragments for D = 

1000 Gy and 155 fragments for D = 1500 Gy), while for the samples irradiated with 

carbon ions, 607 fragments have been analysed (81 fragments for the sample 

irradiated with D = 250 Gy, 133 fragments for D = 500 Gy, 150 fragments for D = 

1000 Gy and 243 fragments for D = 1500 Gy).  

 

The length of each plasmid fragment has been determined again from the SFM 

images with ImageJ software, in order to obtain the fragment distributions after 

irradiation. 
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Figure 7.4. Histograms of the fragment distributions after irradiation with a) X-rays and b) 

carbon ions at doses between D = 250 Gy and D = 1500 Gy, in 20 mM HEPES solution. 

 

The histograms presented in figure 7.4 show the probability of producing 

(measuring) fragments with a certain length after irradiation with X-rays and carbon 

ions in the dose range from D = 250 Gy to D = 1500 Gy. Both histograms show a 

decrease of the percentage of plasmid fragments with L = 1800 nm, with increasing 

dose. In the same time, an increase of the amount of small fragments with lengths 

between L = 100 nm and L = 600 nm can be observed. In the case of X-ray irradiation, 

the percentage of very small fragments (between L = 100 nm and L = 600 nm) 

increases from 16.2 % to 24.7%, while after carbon ions irradiation, the increase is 

from 19.7% to 30.4%, in the dose range from D = 250 Gy to D = 1500 Gy.  

 

To demonstrate more clearly the differences of the DNA fragmentation induced 

by X-rays and carbon ions in 20 mM HEPES environment, the fragment distributions 

obtained after irradiation with X-rays and carbon ions at the lowest and the highest 

dose, are presented in figure 7.5. 
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Figure 7.5. Histograms of the fragment distributions after irradiation with X-rays and carbon 

ions, in 20 mM HEPES solution, at doses of a) D = 250 Gy and b) D = 1500 Gy. 

 

Significantly different fragment distributions can be observed after irradiation 

with X-rays and carbon ions, demonstrating that carbon ions in general produced 

more DSBs than X-rays, resulting in a high amount of very small plasmid fragments. 

These results are alike the results presented in the chapter 6. 

 

7.2.2 Comparison of plasmid damages induced by radiation in 20 mM HEPES 

and 92 mM Tris environments 

 

As a first overview of the different amounts of DSBs induced in plasmids 

irradiated in Tris and HEPES media with X-rays and carbon ions, the average 

fragment length of the plasmids has been calculated as a function of applied dose and 

the results are presented in figure 7.6. 

In all cases, the average fragment length decreases with applied dose. Lower 

values are registered for plasmids irradiated with carbon ions compared to X-ray 

irradiation. 
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Figure 7.6. The average fragment length of plasmids, as a function of applied dose. The 

images recorded for the control solutions have not shown any plasmid fragments and 

therefore, the graphic does not contain values for D = 0 Gy.  

 

Also the average fragment length of the plasmids shows lower values for 

plasmid irradiated in 20 mM HEPES solution compared to 92 Mm Tris medium, 

although the same type of radiation has been used. The results show in addition that a 

higher fragmentation of plasmids has been induced after irradiation with carbon ions 

compared to X-rays.  

 

Average fragment length (<L>) 

X-rays Carbon ions 

 

Medium 

D = 250 Gy D = 1500 Gy D = 250 Gy D = 1500 Gy 

92 mM Tris 1456 nm 1198 nm 1330 nm 1098 nm 

20 mM HEPES 1412 nm 1134 nm 1273 nm 1038 nm 

Table 7.3. The average length of the fragments survive rates after irradiation with X-rays and 

carbon ions with the doses of D = 250 Gy and D = 1500 Gy. 

 

The average length of the fragments survive rates after irradiation with X-rays 

and carbon ions with doses of D = 250 Gy and D = 1500 Gy are presented in table 

7.3. After irradiation of plasmids with carbon ions in 20 mM HEPES solution, the 

average length of the fragments decreases from 1273 nm to 1038 nm, and from 1330 

nm to 1098 nm after irradiation in Tris solution. Instead, after irradiation with X-rays, 
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the average length of the fragments shortens from 1412 nm to 1134 nm, when the 

irradiation is performed in HEPES environment, and from 1456 nm to 1198 nm, in 

Tris environment. These last results demonstrate that HEPES has a general lower 

scavenging capacity (for all involved radicals and ions) as compared to Tris buffer, 

although both buffer media exhibit the same scavenging capacity for HO- radicals for 

the used concentrations. 

In order to quantify the multiple DSBs induced in plasmids after irradiation, the 

average number of DSBs per counted plasmid <DSBt> and per broken plasmid 

<DSBb> has been calculated using the equations 6.2 and 6.3. The results are plotted as 

function of applied dose in figures 7.7 and 7.8 and the main results are summarized in 

tables 7.4 and 7.5. 

0 250 500 750 1000 1250 1500
0,0

0,1

0,2

0,3

0,4

<D
SB

t>

Dose / Gy

 92 mM Tris, X-rays
 20 mM HEPES, X-rays
 92 mM Tris, C-ions
 20 mM HEPES, C-ions

 
Figure 7.7. The average number of DSBs per counted plasmid (<DSBt>) as a function of 

dose.  

 

The average number of DSBs per counted plasmid (Figure 7.7) show a linear 

increase with the irradiation dose. As expected, a higher amount of DSBs has been 

registered after irradiation with carbon ions compared to X-rays. Also, it is shown that 

more DSBs occur after irradiation of plasmids by both irradiation and at the same 

doses in 20 mM HEPES environment, compared to 92 mM Tris environment.  

As seen in table 7.4, after irradiation with X-rays, the number of DSBs per 

counted plasmid <DSBt> increases from 0.06 to 0.20 for plasmids irradiated in 20 

mM HEPES environment and from 0.05 to 0.17 for the plasmids irradiated in 92 mM 

Tris solution, in the dose range from D = 250 Gy to D = 1500 Gy. 
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Average number of DSBs per counted plasmid (<DSBt>) 

X-rays Carbon ions 

 

Medium 

D = 250 Gy D = 1500 Gy D = 250 Gy D = 1500 Gy 

92 mM Tris 0.05 0.17 0.08 0.26 

20 mM HEPES 0.06 0.20 0.10 0.30 

Table 7.4. The average number of DSBs per counted plasmid after irradiation with X-rays and 

carbon ions with the doses of D = 250 Gy and D = 1500 Gy. 

 

Instead, after irradiation of plasmids with carbon ions, <DSBt> increases from 

0.10 to 0.30 for 20 mM HEPES environment and from 0.08 to 0.26 for 92 mM Tris 

solution. 
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Figure 7.8. The average number of DSBs per broken plasmid (<DSBb>) as a function of dose.  

 

While <DSBt> presents a linear dependence of dose, <DSBb> has a different 

behavior, as shown in figure 7.8. The latter one increases gradually for doses up to D 

= 500 Gy and presents a linear behavior till the highest applied dose of D = 1500 Gy. 

Average number of DSBs per broken plasmid (<DSBb>) 

X-rays Carbon ions 

 

Medium 

D = 250 Gy D = 1500 Gy D = 250 Gy D = 1500 Gy 

92 mM Tris 1.25 1.52 1.38 1.65 

20 mM HEPES 1.29 1.58 1.45 1.74 

Table 7.5. The average number of DSBs per broken plasmid after irradiation with X-rays and 

carbon ions with the doses of D = 250 Gy and D = 1500 Gy. 
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As shown in table 7.5, after X-ray irradiation, the average number of DSBs per 

broken plasmid <DSBb> increases from 1.25 to 1.52 for plasmids irradiated in Tris 

solution, while for HEPES environment the <DSBb> values are slightly higher and 

increase from 1.29 to 1.58. The <DSBb> values are in general higher after carbon ion 

irradiation, increasing from 1.38 to 1.65, when the plasmids are placed in Tris 

environment and from 1.45 to 1.74, when HEPES solution has been used. These 

results show that even for doses below D = 250 Gy, the value of <DSBb> is higher 

than unity, i.e. multiple DSBs in single plasmids, occur. Also the results presented 

here show that Tris molecules present a higher affinity to scavenge the other radicals 

and ions produced by ionization of water, compared to HEPES molecule, i.e. 92 mM 

Tris medium has a higher total scavenging capacity than 20 mM HEPES environment.  

The survive rates have been calculated also from the SFM measurements and are 

plotted in the figure 7.9 as function of applied dose. They will be used further for the 

calculation of the RBE. 
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Figure 7.9. The survive curves calculated from the SFM images for the solutions irradiated 

with X-rays and carbon ions in 20 mM HEPES and 92 mM Tris solutions, as functions of 

dose. 

 

In order to calculate the survive rate, the surviving plasmids (SC and RC 

plasmids) have been counted from the SFM images and the fraction of the broken 

plasmids have been calculated from the fragment distributions. As in subchapter 6.2.3, 

in general the survive rate decreases with increasing dose, showing that more 

plasmids have suffered DSBs, when higher doses are applied.  
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Survive rates 

X-rays Carbon ions 

 

Medium 

D = 250 Gy D = 1500 Gy D = 250 Gy D = 1500 Gy 

92 mM Tris 96.7% 87.6% 94.8% 83.8% 

20 mM HEPES 96.1% 86.9%. 94.1% 82.6% 

Table 7.6. The survive rates after irradiation with X-rays and carbon ions with doses of D = 

250 Gy and D = 1500 Gy. 

 

The survive rates after irradiation with X-rays and carbon ions with doses of D = 

250 Gy and D = 1500 Gy are presented in table 7.6 for a better overview. After X-ray 

irradiation of plasmids in 92 mM Tris buffer, the survive rate decrease from 96.7% to 

87.6% in the dose range from D = 250 Gy to D = 1500 Gy, while for the plasmids 

irradiated in in 20 mM HEPES solution, the decrease of the survive rate is from 

96.1% to 86.9%. Instead, after irradiation of the plasmids with carbon ions, the 

survive rate decreases from 94.1% to 82.6% for 20 mM HEPES environment and 

from 94.8% to 83.8% for 92 mM Tris solution, in the same dose range. 

After irradiation with X-rays, the survive rates are higher compared to those 

resulting after irradiation with carbon ions. Also higher values of the survive rates are 

registered after irradiation of plasmids with the same radiation in 92 mM Tris medium 

compared to plasmids irradiated in 20 mM HEPES environment. The results show a 

slightly steeper decrease of the survive rate after irradiation with both types of 

radiation in 20 mM HEPES environment compared to 92 mM Tris medium, indicating 

once again that HEPES molecule present a lower affinity to scavenge all free radicals 

and ions compared to Tris molecule. 

 

7.3. RBE calculation 

 

Since the values for the RBE represent the ratio between the X-ray and particle 

doses necessary to produce the same biological effect, RBE should also depend 

strongly on the plasmid’s environments. The radioprotective role of Tris and HEPES 

buffers and their scavenging capacities on the RBE will be discussed. The RBE values 

have been calculated from the data presented in figures 7.2 and 7.9 and the results are 

plotted in figure 7.10 as a function of the survive rate. 



80                                                                                              Influence of buffer's type
 

86 88 90 92 94 96 98 100
1,2

1,5

1,8

2,1

2,4

f = -4+6.3S

f = -3.73+6S

f = -8+10S
f = -8.26+10S

Gel electrophoresis
 92 mM Tris
 20 mM HEPES

SFM
 92 mM Tris
 20 mM HEPES

R
B

E

Survive Rate / %

 
Figure 7.10. RBE calculated from SFM and gel electrophoresis measurements as function of 

survive rate. 

A linear increase of RBE with the survive rate is observed after irradiation with 

X-rays and carbon ions in both environments and by using SFM as well as gel 

electrophoresis. For both environments, using the same measurement method, one can 

obtain almost same slopes for the RBE evolution as a function of the survive rate. 

This leads to the conclusion that indirect damage represents the main induced damage 

in plasmid molecules. 

However, higher RBE values have been registered for plasmids irradiated with 

both types of radiaton in 20 mM HEPES solution compared to 92 mM Tris 

environment. Also higher RBE values have been registered from the SFM 

measurements compared to gel electrophoresis results. 

Although the concentrations of Tris and HEPES buffers have been chosen so 

that both buffers have the same scavenging rate for hydroxyl radicals, the RBE values 

registered after irradiation of plasmids in 20 mM HEPES environment are higher 

compared to 92 mM Tris medium. This can be explained by a generally lower affinity 

of HEPES molecules to scavenge all free radicals and ions produced by ionization of 

water compared to Tris molecules. 

From gel electrophoresis measurements, the RBE could be calculated only for 

survive rates between 96% and 99%. As stated in the previous chapter, this is due to 

the fact that gel electrophoresis can not detect the small plasmid fragments. 

Consequently, less linear fragments are counted and higher survive rates are found. 

For the gel electrophoresis measurements, RBE increases from 1.68 to 1.98 for 
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plasmids irradiation in HEPES environment and only from 1.5 to 1.85 for irradiation 

in Tris medium. 

By quantifing the small fragments, more detailed results have been obtained 

from the SFM measurements. For this purpose, it was possible to calculate more 

accurately the survive rate and the RBE over a large range of survive rates, from 88% 

to 98% for SFM measurements. The SFM measurements show higher RBE values 

compared to gel electrophoresis measurements and the RBE increases from 1.52 to 

2.14 for plasmids irradiation in the HEPES environment and from 1.36 to 1.93 for 

irradiation in the Tris medium. The latter results demonstrate once again the 

importance of SFM measurements to determine precisely the RBE values on 

molecular level. 



 



Chapter 8 
 

Summary and conclusions 
 
 

Understanding the biological efficiency of heavy ion radiation in different environments 

is relevant for medical application as tumor therapy [Kraft 2001, Amaldi 2005] and radiation 

protection in space [Kraft 2001]. Since DNA is considered to be the main target of ionising 

radiation [Painter 1979, Hall 1994, Kraft 2000], it is important to know how the DNA’s 

environment can influence the amount of the induced DNA damages and the RBE, which 

represents the main parameter that tumor therapy with particle radiation takes advantage. 

Since cancer therapy with carbon ions is applied with great succes at the Gesellschaft für 

Schwerionenforschung (GSI) in Darmstadt, this radiation was used in this study, as high LET-

radiation. 

The novelty of this study consists in the analysis of the influence of DNA's buffer 

environment on indirect damages induced by ionising radiation and in the calculation of the 

RBE of carbon ions at molecular level. For the first time, the radioprotective role of HEPES 

buffer environment is analysed and compared to the radioprotective role of Tris medium. Also 

the influence of Tris buffer concentration on RBE of carbon ions is performed. 

Electrophoresis methods are commonly used to analyse plasmid DNA damages, but 

they can not provide detailed information about multiple fragmentations induced in DNA 

molecules. Therefore, SFM measurements have been performed in order to obtain more 

detailed information about plasmid damages induced by ionising radiation. The SFM analysis 

of the plasmid fragments, produced by irradiation, shows clear differences between the 

fragments distributions resulting from plasmid irradiation with low- and high-LET radiations. 

This work consists of two experimental parts, in which the influence of the 

radioprotective role of Tris and HEPES buffers on indirect damages (induced by carbon ions 

and X-rays) and on the RBE of carbon ion radiation has been analysed by gel electrophoresis 

and SFM measurements. In the first part, Tris solutions with different concentrations have 

been used as environments for plasmids, and most importantly the evolution of the RBE with 

Tris concentration has been analysed. For the second part, the influence of the general 

scavenging capacity of Tris and HEPES environments (presenting the same scavenging 

capacity for HO0 radical) on the evolution of the RBE has been discussed.  

83 
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In general, the measurements have shown a high percentage of relaxed circular (RC) 

plasmids after irradiation with X-rays compared to carbon ions, due to the fact that ionisations 

induced by X-rays are equally distributed in space and favour the production of SSBs. 

Instead, after carbon ion irradiation, the RC percentage is lower, but a higher percentage of 

linear fragments (LF) has been observed compared to X-ray irradiation, due to a highly 

concentration of ionising effects along the beam track of carbon ion. In particular, the SFM 

results have demonstrated that multiple DSBs have been induced in plasmid molecules by 

high-LET radiation (carbon ions) as well as by low-LET radiation (X-rays), even for the 

lowest applied dose of D = 250 Gy. 

Detailed information about the amount of DSBs can be obtained from the SFM 

measurements compared to gel electrophoresis results, where the absolute values do not 

represent the exact data. Due to the ability to detect the small plasmid fragments, the analysis 

of the SFM images has provided much more information about the amount of DSBs than the 

gel electrophoresis measurements. Consequently, a larger set of data has been obtained. This 

gave the possibility to calculate the RBE values for survive rates from 88% to 98%, while 

RBE can be calculated only for the survive rates from 96% and 99% from the gel 

electrophoresis data. The results demonstrate the importance of the SFM method in studying 

the interaction of ionising radiation with plasmid DNA to the detriment of the gel 

electrophoresis method. Therefore, only SFM results will be summarised in detail in the 

following. 

The SFM measurements have shown a higher amount of DSBs induced per plasmid and 

a more pronounced decrease of the average fragment length after irradiation with carbon ions 

compared to X-rays. The survive rates of the plasmids, calculated from gel electrophoresis 

and SFM measurements and plotted as functions of the irradiation dose, have been used 

further for the calculation of the RBE of carbon ion radiation. The evolution of RBE shows a 

linear increase with the rise of the survive rate.  

In order to prove the effectiveness of Tris molecules as a radioprotective buffer, 

plasmids in Tris solutions with different concentrations (C1 = 10 mM and C2 = 92 mM), have 

been irradiated with X-rays and carbon ions, in the dose range from D = 0 Gy to D = 1500 

Gy. In all cases, different fragment distributions of the plasmids have been obtained after 

irradiation. Also, higher values for <L> have been registered after plasmid irradiation in 92 

mM Tris medium as compared to 10 mM Tris environment, when the same kind of radiation 

has been used. The calculation of the average numbers of DSBs per irradiated plasmid and per 

broken plasmid have shown higher values for the plasmids irradiated in 10 mM Tris 
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environment compared to 92 mM Tris medium. The increase of the scavenging capacity of 

the medium with the concentration demonstrates that Tris molecule has a good ability to 

scavenge the radicals and ions produced by ionisation of water. 

As a consequence of the former results, significantly higher RBE values for plasmids 

irradiated in 10 mM Tris environment have been calculated, increasing from 1.60 to 2.77 

compared to the RBE values registered after irradiation of plasmids in 92 mM Tris solution 

(from 1.36 to 1.93). These results prove once again the high ability of Tris molecules to 

scavenge the radicals and ions produced by the ionisation of water. The scavenging ability of 

Tris medium increases with concentration, and therefore, smaller values for the RBE have 

been registered for the plasmids irradiated in 92 mM Tris environment. Accurate values of the 

survive curves have been calculated due to the fact that SFM is able to detect small plasmid 

fragments produced after irradiation of plasmids. Therefore, more accurate RBE values have 

been calculated for a larger range of survive rates from the SFM results compared to gel 

electrophoresis measurements. 

In order to compare the influence of the general scavenging capacity of Tris and HEPES 

buffers on RBE of carbon ions, the two buffer media have been chosen, such that they have 

the same scavenging capacity for hydroxyl radicals. For this purpose, the survive rates have 

been calculated from the SFM and gel electrophoresis measurements and used further for the 

calculation of the RBE values. 

From SFM measurements, higher RBE values for plasmids irradiated in 20 mM HEPES 

environment have been calculated, increasing from 1.52 to 2.14. In contrast, the RBE value, 

registered after irradiation in 92 mM Tris solution, increases from 1.36 to 1.93 with the 

survive rate. The results have shown that also 20 mM HEPES environment acts as a 

radioprotective buffer solution. Although the scavenging capacity for HO- is the same for Tris 

and HEPES media for the used concentrations, the overall scavenging capacity of 20 mM 

HEPES solution (for all free radicals and ions produced by the ionisation of water) is smaller 

compared to 92 mM Tris solution. This can be concluded in particular from the higher RBE 

values registered after irradiation of plasmids in 20 mM HEPES solution compared to 92 mM 

Tris environment. 

In conclusion, it has been demonstrated that Tris and HEPES are effective radioprotectiv 

buffers, but 20 mM HEPES solution possesses a slightly lower general scavenging capacity 

compared to 92 mM Tris solution. A higher amount of DSBs have been calculated from the 

SFM measurements compared to gel electrophoresis results, showing that SFM is a superior 

method for analysing the plasmid DNA damages. However, the results presented in this work 
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cannot completely explain the RBE values registered for cells, but they show for the first time 

in detail, that a significantly higher amount of DSBs induced by carbon ions are measured 

with SFM compared to gel electrophoresis measurements. 
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Annex  
 

Chemical substances 
 

 

HEPES 

 

 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

C8H18N2O4S 

 

 
 

 

Tris 

 

 

 

trihydroxymethylaminomethane  

C4H11NO3

 

 
 

EDTA 

 

 

ethylenediaminetetraacetic acid   

(HO2CCH2)2NCH2CH2N(CH2CO2H)2 

 

TE 

 

Tris + EDTA 

TAE 

 

Tris-acetate + EDTA 
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