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CHAPTER 1

Introduction

According to the World Cancer Report, cancer rates could further increase by 50%
to 15 million new cases in the year 2020. In the year 2000, malignant tumours were
responsible for 12% of the nearly 56 million deaths worldwide from all causes. In
many countries, more than a quarter of deaths are attributable to cancer [1]. To
rescue these patients, surgery (with long history) has been used in the majority of
cases as the primary form of treatment and it leads to good therapeutic results in a
range of early non-metastatic tumors. Additionally, cytotoxic chemotherapy also has
been used for patients [2–4]. However, for the tumors of the head and neck, cervix,
bladder, prostate and skin, surgery or chemotherapy is not sufficient as a treatment.
Here, radiotherapy is an efficient tool to achieve a resonable probability of tumor
control.

Radiation has been used for treating cancer for the last 100 years [5]. In the early
days, simple low-energy X-rays were found to be very effective for treating superficial
skin cancers. Higher energy machines and cobalt gamma sources were developed [6]
that could treat deeper seated cancers [7, 8]. However, these early machines often
gave a higher dose to the skin than to the tumor. Thirty years ago, linear accelerators,
which accelerate electrons to near the speed of light to generate even higher energy
X-rays, were developed. These have allowed treatment with far higher doses while
staying below the tolerance of surrounding normal tissues. This has contributed to
the higher cure rates for many cancers that we see today. In 1970 the overall cure rate
for cancer was 25%; today it is 60% [9].

Althought treatments by X-rays are in common use, they have an intrinsic draw
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2 Introduction

back namely the depth–dose distribution. The dose decreases with penetration depth,
thus most of the dose is deposited in and just below the skin. Given in sufficient
doses, X-ray radiation techniques will control many cancers. But, healthy tissue that
is crossed by the X-rays may receive a similar dose and thus can be damaged. Conse-
quently, a less-than-desired dose or a combination of many fields is frequently used
to reduce damage to healthy tissues and avoid unwanted side effects.

In 1946, Robert Wilson published a study that suggests that energetic protons
could be used to treat cancer because they are capable of delivering an increased
dose of radiation to a tumor while simultaneously decreasing radiation exposure to
surrounding healthy tissue [10]. In 1948, the first proton therapy experiments were
conducted at the University of California at Berkeley. Tumor control was achieved in
the chest and lungs of animals [5]. The University of California at Berkeley treated
the first patient with protons in 1954. Patients were treated with proton therapy also
at other research institutions, including Harvard University in Boston [5]. By the end
of 2007 there were about 34 hospital-based proton therapy centers running or under
construction in the world [11]. This single number justifies the statement that proton
therapy increases. Proton therapy centers are also planned for the Netherlands.

As seen in the figure 1.1, compared to other kinds of ionizing radiation such as
electrons or photons, atomic particles such as 12C-ions and protons have a different
depth distribution of the deposited dose, peaking at an energy-dependent depth (the
Bragg peak) at the end of the particle’s track and dropping to zero beyond this peak.
It is the volume selectivity given by the existence of a well localized Bragg-peak
region, where the deposited dose is maximum, that can be shifted by energy variation
over the target volume that makes proton and heavy ion therapy such a promising
technique in cancer treatment. With photons the dose decreases exponentially with
increasing depth. In figure 1.1 next to protons, carbon ions are shown because of the
recent focus on heavy ions such as carbon ions. The main reason for the transition
to carbon ions is the increased Relative Biological Effectiveness (RBE) in the last
few centimeters of the carbon range [11]. The first heavy ion treatment of tumors
was pioneered in Berkeley at the Bevalac facility in 1975 [12, 13]. In Germany, the
Heidelberg Ion Therapy Centre HIT is a carbon ion radiotherapy facility [14].

On the macroscopic scale, the beneficial effects of energetic particle beams in
radiotherapy are established, but what happens on a molecular level. Ionizing radia-
tion induces a variety of damages in cellular DNA, which is thought to be the critical
target of biological effects of radiation, by both direct energy deposition into DNA
(direct effect) and reactions with diffusing radicals (indirect effect) [15]. Direct ion-
ization of the DNA produces cation radicals, many of which were studied by electron
spin resonance techniques. It is believed that the most probable cation radical in DNA
is guanine [16] either as a result of initial ionization of guanine or from radical trans-
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Figure 1.1: Schematic of the comparison of the depth–dose distribution of photons, protons
and carbon ions. The figure is courtesy of D. Schardt, GSI.

fer to guanine from other ionization sites. The biological effects of ionizing radiation
are thought to arise from the formation of double-strand break (DSB) and clustered
DNA lessions, e.g. two or more lesions (base lesion, single-strand break (SSB), a
basic site or DSB) formed within about 10 base pairs separation by a single radiation
track. Most mechanistic studies to date [17] however have focused on the indirect
effects using dilute, aqueous solutions containing DNA, indicating that the hydroxyl
radical (∙OH) is the main water radical that induces single- (SSB) and double-strand
breaks (DSB) in DNA whereas hydrated electrons, H-atoms and ∙OH radicals induce
DNA base lesions. Experimental [18] and theoretical [19] studies have indicated that
in living cells or under highly scavenging conditions mimicking those for ∙OH scav-
enging in the cell, ∼40% of the lesions induced in DNA by low linear energy transfer
(LET) radiation can be ascribed to direct effects increasing to ∼70% for high LET
α-particles. The experimentally obtained ratios between direct and indirect effects
examined for various biological end points have been summarized by Becker and
Sevilla [16]. Within the living cell a complex repair machinery operates in order to
maintain the integrity of DNA. Most of the lesions can be repaired but if the damage
is very severe, it can be the origin of a tumor. The connection between the initial
lesions and the cellular end points is not fully understood [20].

To understand strand breaks at the molecular level, it is worth to study the frag-
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mentation and energetics of individual building blocks under different kinds of ir-
radiation and in the different regions of the Bragg curve. Up to now, the detailed
understanding of the effect of radiation on a cell or DNA has been limited. In this
thesis, we extend the experiments to a broad comparison between not only low and
high Linear Energy Transfer (LET) radiation but also low and high energy for high
LET irradiations. LET which is a measure of the energy transferred to material as
an ionizing particle travels through is an important parameter. In the Bragg peak
regime, collisions involving atomic particles are very complex. Until recently, it was
commonly believed that the main differences between irradiation with atomic parti-
cles and with electrons/photons lied in the different track structures and in the higher
density of ionization events along the track in the case of atomic particles. The track
structure of heavy particles in cells or tissue including all interactions present in the
media were simulated in great detail [21–25].

In an attempt to understand better the nature of DNA damage associated with
ionizing radiation, we have examined SSB and DSB formation in plasmid DNA irra-
diated in dilute aqueous solutions containing plasmid. A plasmid is a DNA molecule
that is separate from, and can replicate independently of, the chromosomal DNA [26].
Plasmids are double stranded and in many cases, circular. Plasmids usually occur nat-
urally in bacteria, but are sometimes found in eukaryotic organisms, in mitochondria
or chloroplasts. Plasmids are a convenient model system to study DNA damage,
since they are of a well defined size and are relatively easy to prepare in milligram
quantities in sufficiently high purity for radiation chemistry. SSB detection is read-
ily accomplished by gel electrophoresis. In this work, we use the pBR322 plasmid
DNA which is commercially available. A model environment of a cell is also stud-
ied by investigation of ion irradiation of plasmid DNA in an environment containing
scavenger material.

∙ In chapter 2, the experimental set-up is described, together with the main fea-
tures of the experimental techniques used throughout this thesis or relevant for
the results presented. The preparation of the samples and the sample holders
for experiments of high and low energy ion irradiation are described in detail.

∙ In chapter 3, the theoretical concepts underlying processes studied in this thesis
will be briefly described and the method used to calculate the stopping power
will be summarized.

∙ Chapter 4 contains the experimental results about the influence of irradiation
on plasmid DNA under two different regimes of carbon ion beams. We have
investigated the SSB and DSB induction in plasmid DNA upon irradiation.
SSB and DSB yields per plasmid per dose were found to be lower in the Spread
Out Bragg Peak (SOBP) than in the plateau region. Moreover, we could also
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determine the amount of non-scavengable plasmid damage at high scavenging
capacities. Surprisingly not only DSB but also a sizable fraction of SSB are
due to direct effects.

∙ In chapter 5, quantification of the "non-scavengable" part of plasmid DNA
damage induced by 12C ions under spread-out Bragg peak conditions (high
LET radiation) or by 137Cs γ-photons (low LET radiation) is achieved. Fur-
thermore, DNA damage is quantified as a function of scavenger concentration
up to levels where saturation of the damage is observed i.e., for high dose. The
results are also compared to the existing data.

∙ In chapter 6, the first explorative results of low-energy heavy ion irradiation
are presented. The trends in the data can be understood on basis of LET and
vacancy production estimates calculated with the TRIM code.

∙ Chapter 7 summarizes the conclusions and outlook of this thesis.

Finally the summary of the thesis is given in Dutch.





CHAPTER 2

Experiment

The bulk of the experimental results presented and discussed in this thesis were ob-
tained at the KVI in Groningen. In this chapter, the AGOR cyclotron used to pro-
duce a carbon ion beam of high energy is described. The ion-source (Supernanogan)
used to produce the low energy projectile ions will be briefly discussed. A com-
plete description of the details of the different irradiation setups used at KVI and the
Universitair Medish Centrum Groningen (UMCG) will be given. Finally, the data
analysis procedure to quantify specific strand breaks is presented. This includes the
description of the gel electrophoresis and its practical implementation.

7
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Figure 2.1: The normal right-handed "double helix" structure of DNA, also known as the B
form

2.1 Irradiation of plasmid DNA in aqueous solutions with
energetic particles

2.1.1 Preparation of the liquid samples

Plasmid DNA is a useful system to investigate induction of SSB and DSB, since a
SSB relaxes the supercoiled (SC) DNA plasmid to its open circular form (OC) and
a DSB linearizes it (L). In a DNA molecule, the two strands are not parallel, but
intertwined with each other. Each strand looks like a helix. The two strands form a
"double helix" structure, which was first discovered by James D. Watson and Francis
Crick in 1953 [27]. In this structure, also known as the B form (fig. 2.1), the helix
makes a turn every 3.4 nm, and the distance between two neighboring base pairs is
0.34 nm. Hence, there are about 10 pairs per turn. The intertwined strands have two
grooves of different widths, referred to as the major groove and the minor groove,
which may facilitate binding with specific proteins.

In the present work, supercoiled double-stranded pBR322 plasmid DNA (weight
= 2.83 x 106 daltons) was purchased from Fermentas and used without further pu-
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Figure 2.2: The map of creation pBR322 plasmid DNA [28]

rification. pBR322 DNA is multiplied and then isolated from E.coli by ion exchange
chromatography. ’p’ indicates that this is indeed a plasmid. ’BR’ identifies the lab-
oratory in which the vector was originally constructed (BR stands for Bolivar and
Rodriguez, the two researchers who developed pBR322). ’322’ disinguishes this
plasmid from others developed in the same laboratory. pBR322 is one of the most
commonly used E.coli cloning vectors [28]. pBR322 is 4361 bp in length and con-
tains: (i) the replicon rep responsible for the replication of the plasmid (source: plas-
mid pMB1); (ii) the rop gene, coding for the Rop protein, which promotes conversion
of the unstable RNA I – RNA II complex to a stable complex and serves to decrease
copy number (source: plasmid pMB1); (iii) the bla gene, coding for beta-lactamase,
that confers resistance to ampicillin (source: transposon Tn3); (iv) the tet gene, en-
coding for the tetracycline resistance protein (source: plasmid pSC101) – fig. 2.2.
With its 4361 base pairs, it has a length of about 1483 nm [29].

For the irradiation, the highly purified DNA samples (500 ng/µl) in a 10−2 mM
Tris-HCl (pH 7.6) + 1 mM EDTA buffer were diluted in 4 µl demineralized water or
in 4 µl of different concentrations of mannitol (functions as a scavenger) in deminer-
alized water to get a 6.25 ng/µl concentration of plasmid DNA which is subsequently
filled into 1.5 ml cylindrical plastic tubes (Eppendorf). Control samples undergoing
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Figure 2.3: Sketch of the sample holder used in the high energy experiments. Top view of the
sample holder plate (a). Side view of sample holder (b). Photograph of the sample holders
used (c).

the two different irradiation protocols (see below) at zero dose left over 95% of the
plasmids supercoiled and only less than 5% in the open circular form (single strand
break). All irradiations were performed at room temperature.

D-Mannitol (C6H14O6) with purity ≥ 99% was purchased from Sigma-Aldrich
and used without further purification. It was chosen as a scavenger because of the
ability of blocking the ∙OH radical. It is known that ∙OH radicals contribute about
70% to the damage that eventually leads to cell death in case of low-LET radiation
[30].

The total mass of D-mannitol (in gram) needed per volume (liters) was calculated
as follows:

m = c×M×V (2.1)

where c is the molar concentration of D-mannitol (mol/l) needed, M is the molar mass
of D-mannitol (g/mol) and V is the volume in which D-mannitol is dissolved. The
concentration of mannitol was chosen in a range from 0.1 mmol/l to the saturation
point of 800 mmol/l (at 17 ∘C).

2.1.2 The sample holder

For all carbon irradiations, a 4 µl quantity of DNA solution was dropped onto the
middle of a 0.5 mm deep slot in a polycarbonate sample holder. Polycarbonate is used
since due to its composition of low-Z atoms (C and H), it is only weakly activated by
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Figure 2.4: (a): Sketch of the top view of the carbon irradiation setup. (b): Schematic of the
DNA sample holder for high energy carbon irradiation. The plasmid DNA solution is located
between a polycarbonate sheet and a polycarbonate plate. The accelerated charged particles
traverse an atmospheric pressure region, cross a collimator and irradiate the DNA through
the thin polycarbonate sheet.

the energetic-particle irradiation. Additionally, density of polycarbonate is reasonably
close to water’s density so that the equilibrium in dose deposition is not too much
disturbed at the interface between the sample holder and the sample material. After
deposition, the slots were sealed with a 0.28 mm polycarbonate film. A schematic of
the geometry can be found in fig. 2.3 and fig. 2.4b.

2.1.3 MeV ion irradiation

The AGOR cyclotron is used to produce a carbon ion beam of an energy of 90 MeV/u
with an intensity of 10 nA. These ions are transported to the experimental area, using
a standard achromatic beam transport. In the experimental area shown in figure 2.4a
the beam exits the vacuum and is scattered by an 1.16 mm thick lead scatter foil to
produce a divergent beam. The divergence can be tuned marginally by shifting the
waist of the beam closer to or further away from the last quadrupole triplet. However
limitations on quadrupole field strengths and apertures upstream limit the sharpness
of the focus and divergence one can produce by tuning beam optics, make a scattering
foil necessary [31].
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Several collimators along the beam line intercept the outer parts of the beam
which will not reach the sample. The final irradiation field on the samples is defined
by the last collimator with a diameter of 30 mm at about 10 cm in front of the sample
position. Due to the divergence induced by the scatter foil and the long distance (3.25
m) the beam profile is very broad at the last collimator. There are more efficient
methods to produce flat fields, like scanning or wobbling [32], but these are much
more sensitive to the beam stability. Moreover the use of an inhomogeneous scatter
foil in double scatter foil techniques would cause differences in beam energy over the
sample.

The ECR and AGOR cyclotron are capable to deliver a high enough current to
routinely produce a high dose rate (> 30 Gy/min), allowing deposition of the maxi-
mum dose required on a minute time scale.

The samples for which the maximum dose is less than 10 Gy are irradiated with a
dose rate of only 1 to 5 Gy/min. The reduction of the dose rate can be achieved very
fast and accurately by reducing the beam intensity using a "pepper pot" and beam
chopper before the cyclotron. The beam intensity is monitored using an ionization
chamber (BIM) which is readout using a current to frequency converter and a scaler
[31].

Figure 2.5: a) Sketch of the modulator wheel and b) photograph of the wheel.

To maximize the carbon irradiation effect we want to irradiate using the Bragg
peak, this would however mean that we need to position the samples very accurately
in depth, a 0.2 mm error would already cause a 70% dose error. As we do not have
such a precise control over the position of the samples we decided to create a spread
out Bragg peak (1.5 mm) with a modulation technique. This is achieved by using a
modulator wheel which is shown in figure 2.5. Because of the narrow Bragg peak of
carbon, the step size of the modulation thickness should be chosen rather small, i.e.
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≈ 0.2 mm water equivalent in order to create a flat dose distribution. It was therefore
decided to create the modulator wheel from stacks of 0.2 mm thick polycarbonate
sheet material which can easily be cut into the appropriate form. To keep these sheets
in the right positions while being rotated, a frame was build around the sheets. By
dividing the wheel into four segments in which the Bragg peak is modulated over a
full cycle, the SOBP is reproduced eight times for every full rotation of the wheel.
The modulator wheel rotates with a fixed frequency of about 15 Hz which means that
the SOBP is reproduced with a frequency of 120 Hz. After irradiating just 1 second
the dose error due to an incomplete SOBP modulation is less than 1%. In order to
reduce this error such that it is insignificant the minimum duration of an irradiation
is required to be larger than 10 seconds.

Figure 2.6: Horizontal beam profile, intensity, as a function of distance from the beam axis.

In order to place the sample in the front part of the SOBP we use a stack of 2
mm, 0.2 mm and 0.1 mm thick polyethylene plates and film. Using range measure-
ments we have determined the water equivalent thickness of all plates. We have also
determined the water equivalent thickness of the bottom of the box. Gafchromic EBT
film was used to verify the field of the beam. Each hole in which plasmid DNA was
deposited has a diameter of 8 mm then as seen in fig. 2.6 the beam spot covers the
whole plasmid DNA sample. From the fig. 2.7, one can see the adequately uniformity
of the beam when it reaches the plasmid sample. Using the plates we can position
the SOBP with an absolute accuracy of 0.2 mm on the plasmid DNA. The relative
accuracy is even better as long as one does not change the range shifter stack con-
figuration. We choose to irradiate the plasmid in the front part of the SOBP as the
variation of the LET with depth is smaller at the front of the SOBP.
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Figure 2.7: Charge-coupled device (CCD) picture of beam spot with 30 mm wide collimator.

The position of the samples in the SOBP is verified using a stack of partially
overlapping pieces of Gafchromic EBT self-developing radiological films in prepared
sample holders at the same position as the samples. The positions of these films are
indicated in figure 2.8. All of the films are placed perpendicular to the irradiation
beam. As shown in figure 2.9, the two films in the SOBP region are darkest and the
others further out on the side of the SOBP are much lighter. A picture of the set up is
shown in figure 2.10.

2.1.4 High energy photon irradiation

At UMCG, for comparative reasons, plasmid DNA was also exposed to gamma irra-
diation at a range of doses from 0.5 to 300 Gy using a 137Cs source-662 keV photons
(IBL 637, Cis bio International, Gif-sur-Yvette, France) with an activity ≈ 222 TBq
(fig. 2.11a). Inside the source, there are four levels to put the samples in. Each level
corresponds to a specific dose rate. Irradiation was performed at room temperature at
a dose rate of 0.03167 Gy/second (calibration valid till June 2010). To apply a dose
D [Gy] to a sample, the irradiation time T [seconds] has to be set to [33]:

T = [D/0.03617]−9 (2.2)

where T is the irradiation time in seconds, D is the dose to be applied to the samples,
and the actual irradiation time is 9 seconds more than the time which was set due
to positioning of the radiaoactive source. The samples are mounted in the middle
of a metal plate (diameter of 7 cm) to be sure that all plasmid DNA is irradiated by
a uniform distribution of gamma-photons. To check the distribution of the gamma-
photons, we put some self-developing radiological films (fig. 2.11b) in. They were
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Figure 2.8: Dose versus depth scan of the carbon Bragg peak and the spread out Bragg peak
(SOBP)in water. The representation for the position of the films measured the distribution
of the carbon beam (a, b, c, and d). The shift in penetration depth is due to the presence of
additional windows for the SOBP.

Figure 2.9: Distribution of carbon ions beam on films at different positions of Bragg peak
(a, b, c, d), e: film without any irradation.
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Figure 2.10: Side-view of the Carbon irradiation setup during operation.

Figure 2.11: a: 137Cs gamma-photon source outside, b: Zoom inside the gamma source.
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Figure 2.12: Distribution of gamma-photon on films at different doses. a: 0 Gy, b: 0.5 Gy,
c: 1 Gy, d: 2 Gy, e: 5 Gy, f: 30 Gy.

irradiated with different doses. As seen in fig. 2.12, the distribution of the gamma-
photons is uniform for all doses. With increasing the dose, the films are getting
darker.

2.2 Irradiation of freeze dried DNA on surfaces with keV
ions

2.2.1 Preparation of the samples

Initial tests were performed using two different sample drying methods (freeze drying
and drying by evaporation). This was done in a flowing nitrogen environment. For
both drying methods, it is the "free" water in the samples that is being removed. After
drying, 2.5 H2O molecules per base pair remain as structural water [34].

A rather simple arrangement was used to test the two drying methods. Our sub-
strate plate has a series of shallow holes in which we deposited an amount of solvated
DNA which was less than the volume of the holes. In the first method, the sample was
transferred to a freeze drying system. The sample plate was placed on an aluminum
block cooled to approximately -17 ∘C by liquid nitrogen and housed in a glove box.
We maintained a nitrogen environment until the samples had frozen. Once frozen, the
freeze dryer was evacuated and pumped down to about 10−2 mbar with a membrane
pump (oil free) for approximately 30 minutes to remove the water from the sample.
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When the samples are dry, the cooling was turned off and the chamber returned to ni-
trogen environment. The vacuum chamber consisted of a plastic window connected
on a flange using a rubber ring. The sample should not be in the lab environment
until it is dry, otherwise water may condense on the surface. The samples were kept
under vacuum until irradiation time. With this method, the dry plasmid DNA after
recovery was destroyed to single strand breaks. Apart from it, the structure of the
plasmid DNA samples prepared using this method give us a lot of voids for DNA in
the structural form [35].

The second method is evaporation. After deposition of plasmid DNA on the sam-
ple holder, it is put in a closed box (glove box) with low humidity (≈ 3%) and at
room temperature. The samples are dried by blowing N2 to avoid crystallization of
the buffer solute [36] over 4 hours. Upon analysis of control samples that underwent
drying and those that did not, it was found that the proportions of SC, open-circular
(OC) and linear (Lin) forms of DNA were not affected by the drying process. There-
fore, in our experiments, the evaporation technique was used.

Thin layers of dry plasmid DNA were prepared on aluminum foils [37, 38]. The
naturally-occurring surface oxide on all aluminum in the presence of oxygen in the
atmosphere acts as a shield. Aluminium is also chemically resistant in contact with
substances in the pH range 4.0 to 9.0 (suitable for pBR322 plasmid DNA with pH is
8.0). This oxide layer creates a stable, chemically inert surface, ensuring no DSB-
substrate interaction [39]. Aliquots of 4 µl plasmid DNA solution (containing 500 ng
DNA) were placed and fully spreaded within the circles. When the samples are dry,
they are considered as homogeneously covered by DNA molecules. There is a buffer
in the solution which included Tris HCl (10 mmol/l) and EDTA (1 mmol/l). Thus, in
4 µl of solution, there are 500 ng of plasmid DNA and 2000 ng of buffer. Therefore,
at keV energy (from 0.5 keV up to 40 keV) only part of the "plasmid DNA" layer is
penetrated by the ions and hence one can expect that one should reach a saturation
limit as a function of dose.

2.2.2 keV ion irradiation

Supernanogan (fig. 2.13a) is a 14 GHz ECR ion source with both axial and radial
magnetic fields generated by permanent magnets to create the magnetic trap for the
plasma for the production of multiply charged ions [40,41]. In fact, the mechanism of
Supernanogan is the same as an Electron Cyclotron Resonance Ion Source (ECRIS)
[42]. After extraction, the ions are charge-over-mass selected by an 98∘ bending
magnet. Einzellens can be used to adjust the focusing. The highest charge which
can be obtained is limited by a number of factors, like recapture of electrons, the
increasing amount of impact energy needed and the confinement time in the magnetic
trap. It offers three advantages:
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Figure 2.13: Side-view of the Supernanogan set up. a: The permanent magnet (1), the beam
line connecting the chamber to the 98.61o magnet (2) can be recognised, b: The chamber for
the sample holder (3), including the Faraday cup, splitting valve.

i) it does not require any electrical power for the magnetic field.
ii) it is quite compact.

iii) the absence of electronics at high voltage (power supplies, controls, etc..) im-
proves the reliability and long term stability.

The permanent magnet system that provides axial and radial confinement has
maximum axial field of 1.2 T, minimum axial field of 0.37 T, and maximum radial
field of 1.1 T, which is ideal for 14 GHz operation [43]. Furthermore, there is a gas
in led system. An RF generator of about 400 Watts at 14 GHz is required to run the
Supernanogan ECR ion source (the effective power used in operation is below 300
W).

In this part of the thesis work we deal with low energy ions irradiating dried
DNA samples in high vacuum (10−7 mbar). The experiments were performed on an
experimental setup designed for ion beam scattering on surfaces described in detail
below, to which we added a small secondary chamber isolated from the ion beam line
by a gate valve. This chamber is pumped by a turbo pump and can be rapidly vented
to introduce the DNA samples (fig. 2.13b).

DNA is deposited onto aluminum oxide tapes which are placed above the sample
holder disk. The disk is fixed on a rotatable ultra high vacuum feedthrough which
is mounted on a flange of the loading chamber. The individual samples are exposed
to the ion beam by rotation of the disk. Several collimators, which have different
diameter from 6 mm down to 4 mm, are put in front of the sample disk to control
the size of the beam spot. The guard plate, which is just in front of the sample disk
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can be put on potential. All apertures are cone shaped (the larger diameter toward to
the samples) to avoid secondary electrons created by the ions impacting on the edges
of the collimators. In the experiments, the incident ion current has been measured
by connecting a Keithley 485 pico-ammeter to the sample holder. A simple way of
visually controlling the beam spot on the samples is observation of the change in
color on the disk where the beam impinges. The nonirradiated samples are hidden
from the beam by a cache that is described in more detail in the next section and
particular care is taken to shield the irradiated plate from stray low energy electrons
that can be produced along the beam line and can induce DNA lesions [44, 45]. To
eliminate secondary electron emission, the samples are appropriately shielded by the
two cylinders.

During experiments, it has been determined that the measured current depends
on the potential applied to the guard plate. This is the result of secondary electrons
which are released from the sample holder as a result of the irradiation. Since the
collimator opening is somewhat larger than the sample size, they are 4 mm and 3
mm in diameter respectively, some parts of the sample holder itself are subject to
irradiation as well. When nothing is done to prevent these secondary electrons from
being released from the sample holder, the measured current will be too high which in
turn will lead to an error in the calculation of the ion fluence and affect the results of
damaging plasmid DNA. In order to prevent the emission of the secondary electrons,
a negative potential has to be applied to the guard plate which will pull the secondary
electrons back towards the sample holder. This is illustrated in figures 2.14a and b
which show the results with and without the presence of the negative potential.

In order to find out the appropriate potential, an experiment has been carried
out in which the potential was varied and the current was measured simultaneously.
A plot showing the measured current as a function of the potential is depicted in
figure 2.15. This curve has been determined for the copper sample holder.

A far too high current is measured for both sample holders when no negative po-
tential is applied to the guard collimator. This indicates that applying the potential
can greatly reduce the error in the current measurements. The current drops quickly
when the potential is increased. At around –20 V the current reaches an asymptotic
level (i.e. the current does not decrease further when the potential is increased). This
means that a potential of –20 V is the minimum to ensure that all secondary electrons
remain trapped on the sample holder. This is in agreement with the experimental
results of Niehaus et al. [46] who found that for keV H+ impact on Cu and Al sur-
faces, the secondary electron spectrum peaks at around 5 eV. Only a few percent of
the electrons have energy exceeding 20 eV. In the DNA irradiation experiments, a
potential of -70 V has been utilized which will be sufficient to inhibit the emission of
the secondary electrons assuring an accurate determination of the ion fluence on the
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sample.

Figure 2.14: a: Secondary electrons are released from the sample holder, b: The secondary
electrons are repelled back towards the sample holder

Figure 2.15: Measured ion beam current for potentials on the guard disk. The experiment is
performed on the Cu sample holder.

The ion fluence on the irradiated samples can be determined by measuring the
current on the sample holder. Most of the experiments discussed within this report
have all been carried out using a beam of singly charged ions. This means that per
particle, the charge is equal to 1.602×10−19 C. The flux of ions that impact on the
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sample holder is equal to:

I =
it

1.602×10−19s
(2.3)

where I is in the unit of ions cm−2s−1, i = ampere, t = second, and s is the cross
section of the ion beam.

Note that the size of the sample is not the same as that of the collimator aperture.
As mentioned earlier, the collimator opening is 4 mm in diameter whereas the sample
size is a mere 2 mm. Therefore, the amount of ions on the sample is equal to Is =
(2/4)2I (ions cm−2s−1).

2.2.3 The sample holder

pBR322 plasmid DNA was diluted in ultra pure water to 125 ng/µl concentration
and used to every preparation with the sufficient quantities. To figure out the best
way to prepare thin layers of plasmid DNA, we did deposit plasmid DNA solution
on different surfaces. First of all, 4 µl of the plasmid DNA solution was deposited
onto a copper disk. However, the problem with the Cu plate was that it was not flat
enough on a microscopic scale. It was not possible to recover intact dry DNA because
it sticked too strongly to the metal surface. The second material that was used was
a gold layer on a Cu disk. After polishing the Cu surface by 0.5 µm alumina, a thin
layer of Au is deposited on the Cu substrate. Deposition of plasmid DNA on the Au
layer gave better results than on the Cu surface. But, recovering DNA from the Au
surface was not always successful because sometimes the dry DNA still sticked on
the surface and the tip of the pipette used for recovery scratched the smooth surface of
the Au layer. Cleaning the Au surface after each experiment is also too complicated
because there are many steps of cleaning and chemical solution involved and one can
not be fully sure of the cleanness of the surface. Thus, finally, we chose aluminum
tape.

There are in total 15 spots on the Aluminum disk (bottom plate) with a diameter
of 4 mm for plasmid DNA deposition. The distance between the guard plate and the
bottom plate is 6.5 mm and from the guard plate to the collimator just above is 18
mm. These spaces between the plates are set to be sure that the ion beam traverses
in a straight line. The sketch of the sample holder plates is depicted in fig. 2.16. As
seen in fig. 2.16a, the guard plate and the bottom plate are connected together and can
be rotated during the time of the experiments. In the mean time, all the collimators
above these two plates are stationary (fig. 2.17). Thus, only the hole with the plasmid
DNA which is aligned to the collimator can be irradiated. When the wheel rotates
the sample holder plates to a position where the hole in the collimator is in between
two spots with deposited plasmid DNA, the ion beam does not irradiate the plasmid
DNA samples.
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Figure 2.16: Sketch of the sample holder plates.

The drawing of the sample holder design is shown in figure 2.17.

Figure 2.17: Sketch of the sample holder for low energy irradiation.
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2.3 Analysis of DNA damage by means of agarose gel elec-
trophoresis

2.3.1 Principles of gel electrophorisis process

Figure 2.18: Sketch of the agarose gel electrophoresis equipment [47].

Gel electrophoresis [48, 49] is a procedure for separating a mixture of molecules
in a stationary material (gel) by applying an static electric field (fig. 2.18). Organic
molecules such as DNA are charged. DNA is negatively charged because the phos-
phates (circles) of the sugar-phosphate backbone of a DNA molecule in solution have
a negative charge (fig. 2.19).

A gel acts as a support for separation of the fragments of DNA. The gel is a
polymer-network, usually polysaccharide agarose, a substance derived from seaweed.
Wells are created in the gel. They serve as a reservoir to hold the DNA solution. DNA
solutions (mixtures of different sizes of DNA fragments) are loaded into the wells.
The gel matrix acts as a sieve for DNA molecules. Geometrically larger molecules
need more time to travel through the polymer network. Because of this, large frag-
ments will lag behind small fragments as DNAs migrate through the gel. As the sepa-
ration process continues, the separation between the larger and smaller fragments in-
creases. In addition, an internal control sample is analyzed which was subject to the
same preparation and collection procedures as the irradiated samples but remained
un-irradiated as a 0 Gy reference. An additional solution control sample is analyzed
which consists of an identical quantity of plasmid solution which did not go through
the preparation, deposition and collection process. A control plasmid DNA sample
is mixed with the restriction enzyme BamH I (Sigma-Aldrich) to give a reference for
the full length linear plasmid (D) (see fig. 5.1 in chapter 5).
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Figure 2.19: The phosphates (circles) from the sugar-phosphate backbone of DNA carry
negative charge.

Figure 2.20: Schematic of agarose gel electrophoresis process [50].
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The gel tray is placed in an electrophoresis chamber. The electrophoresis chamber
is filled with buffer, covering the gel. This buffer solution allows electrical current
from poles at either end of the gel to flow through the gel. Finally, DNA samples
are mixed with a "loading dye". The loading dye allows you to see the DNA as you
load it. The dye contains glycerol or sucrose to make the DNA sample heavy so
that it will sink to the bottom of the well. A safety cover is placed over the gel and
electrodes are attached to a power supply. A certain voltage is applied to the poles.
DNA fragments will migrate through the gel at various rates, depending on their size.
When the dye marker indicates that DNA fragments have moved through the gel, the
current is turned off and the gel is removed from the tray. The whole process is shown
in figure 2.20

DNA is visualized by staining the gel with ethidium bromide which binds to
DNA and will fluoresce in UV light. The photograph is of series of irradiated DNA
samples that have been electrophoresed on the same gel.

2.3.2 Practical gel electrophoresis

Figure 2.21: a) Fluoresence image of the gel after exposure to UV light. b) Intensity scans
for 5 Gy, 20 Gy, and 30 Gy.

After irradiation, the plasmids were individually recovered from the holders using
a mixture of 6 µl of demineralized H2O and 2 µl of loading DNA buffer and trans-



2.3 Analysis of DNA damage by means of agarose gel electrophoresis 27

ferred into Eppendorf tubes. The tubes were put into micro tubes (BioRad) at 4 ∘C
prior to agarose gel electrophoresis. For each analysis, the samples were then loaded
into the wells of 1% (w/v) agarose gel which is common for many applications (reso-
lution range 200 bp-10 kb). Higher percentage gels (such as 3%–4%) can be used for
seperating very tiny fragments and lower percentage gel (0.7%) are suitble for sep-
aration or resolution of large 5-10 kb DNA. The gel pre-stained with 0.002% (w/v)
ethidium bromide (EthBr) was then put into TAE buffer (40mM Tris-acetate, 1mM
EDTA, pH 8.3). TAE was chosen because it has the lowest buffering capacity but
provides the best resolution for larger DNA. This implies lower voltages and longer
electrophoresis time, but better results. Then the gel was run at a certain voltage.
The higher the voltage, the faster the DNA moves. But the voltage is limited by the
fact that it heats and ultimately causes the gel to melt. High voltages also decrease
the resolution (above about 5 to 8 V/cm). The voltage we chose for good resolution
was 4 V/cm for approximately 1h30. After this time, the gel was visualized at room
temperature under UV light (302 nm). The gel was then imaged using a Gel DocTM
XR (BioRad) gel imager (fig. 2.21a) and fluorescence intensity plots were obtained
using the Quantity One (BioRad) software (fig. 2.21b). The amount of supercoiled
DNA was corrected by a factor of 1.4 for the less-efficient incorporation of ethidium
bromide into this plasmid form [30]. The whole equipment for gel electrophoresis is
shown in figure 2.22.

Figure 2.22: Equipments for gel electrophoresis running, visualizing, and analyzing the frac-
tions of plasmids DNA after irradiation.
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2.3.3 Analysis

Relative amounts of the three DNA forms (SC, OC, and L) were calculated for each
dose by:

PS
i =

[
IS
i

IT
i

]
(2.4)

POC
i =

[
IOC
i

IT
i

]
(2.5)

PL
i =

[
IL
i

IT
i

]
(2.6)

where PS
i , POC

i and PL
i are relative amounts of each plasmid conformation after ir-

radiation. The three peaks due to each type of fragment are shown in figure 2.21b.
IS
i , IOC

i and IL
i are the integrated intensities of supercoiled, open circular, and linear

bands respectively. IT
i is the total integrated intensity of supercoiled, open circular,

and linear bands after irradiation:

IT
i = IS

i + IOC
i + IL

i (2.7)

During each electrophoresis run, 17 irradiated samples (for gamma-ray irradia-
tion) and 14 irradiated samples (for 12C irradiation) were analyzed. In addition, an
internal control sample was analyzed which was subject to the same preparation and
collection procedures as the irradiated samples but remained un-irradiated as a 0 Gy
reference. An additional solution control sample was analyzed which consisted of
an identical quantity of plasmid solution which did not go through the preparation,
deposition and collection process. A control plasmid DNA sample was mixed with
the restriction enzyme BamH I (Sigma-Aldrich) to give a reference for the full length
linear plasmid that is called digestion. The protocol to making this digestion is to
combine 1 µl of 10x Restriction Endonuclease Buffer SB (a "unique buffer" for a
BamH I enzyme) with 6.5 µl distilled water, 2 µl plasmid DNA pBR322 (concentra-
tion of 500 ng/µl), and 0.5 µl BamHI enzyme. This is because the enzyme storage
buffer contains antifreeze (glycerol) to allow it to survive at −20 ∘C. The glycerol
will inhibit the digestion if present in sufficient quantities. It is always good to add
the buffer and water into the tube first. Putting the enzyme in straight on top of the
buffer, it may become irreversibly denatured. After mixing all these ingredients by
sucking up and down with the pipette, the solution is incubated for 1 hour at 37 ∘C in
a temperature controlled oven. Air-bubbles should be avoided when mixing because
the enzyme will get trapped at the air or liquid interface and become denatured. The
amount of loading plasmid DNA after irradiation is checked for every experiment
(fig. 2.23), because it is important to assure that the amounts of plasmid DNA are the
same.
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Figure 2.23: Comparison of 4 spectra taken with the same amount of loading plasmid DNA
on the agarose gel.





CHAPTER 3

Theoretical concepts

In this chapter the fundamentals of charged particle interaction with matter that are
relevant to the understanding of the experiments presented in chapter 4 – 6 will be
summarized. The essentials of SRIM/TRIM program are briefly introduced as this
the program used to obtain electronic and nuclear stopping powers needed to interpret
our data. Photon–matter interactions will be discussed in comparison. At the end of
the chapter, track structures of ionizing radiations and production of free radicals will
be briefly addressed.

31
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3.1 Interaction of heavy particles with matter

The interaction of heavy ions with matter and the transference of their energy to mat-
ter are key for understanding the biological effects of radiation on living tissue. Ion-
izing radiation defines those radiations that primarily interact with matter by charged
particles. Ionization resulting from the slowing of energetic ions and electrons leads
to the production of charged and/or neutral molecular fragments, reactive radicals,
and other excited chemical species that induce subsequent chemical reactivity in the
absorbing medium. Because all ionizing radiation leads to electron production, the
different chemical yields observed for different types and different energies of radi-
ation depend on the spatial distributions of events produced during the physical pro-
cess of electron slowing down. Radiation-induced chemistry thus always begins with
stochastic physical processes involved in the energy deposition by charged particles.
Here we consider in particular "heavy" charged particles, i.e. atomic ions.

3.1.1 Energy–loss mechanisms

When a swift particle loses its energy through the ionization and excitation of atoms
and molecules, secondary electrons as well as radicals are formed. The electrons
produced have kinetic energies that can cover a wide range. Low energy electrons can
attach to another molecule or become solvated before reacting further. Fast electrons
can induce further ionizations close by. Different from electrons and positrons, heavy
charged particles transfer only a small fraction of their energy in a single electronic
collision. Therefore, heavy charged particle can travel through matter in straight lines.

3.1.2 Stopping power and linear energy transfer

For radiation physics and dosimetry, the stopping power is an important quantity. It
is defined as the average energy loss of a particle per unit path length, measured for
example in keV/µm [51]. The stopping power is the sum of two processes: electronic
stopping and nuclear stopping. Depending on the energy of the ions, one of the two
will dominate. Electronic stopping describes the slowing down due to the inelastic
collisions between bound electrons in the medium and the ion moving through it. The
term nuclear stopping describes the elastic collisions between the ion and atoms in
the matter. At high energy (E > 100 keV), electronic stopping is much larger than
nuclear stopping. However, at very energy and particularly for heavy projectile ions,
nuclear stopping gets larger than electronic stopping.

Another quantity of relevance in this context is the LET i.e. "the average energy
locally imparted to the medium by a charged particle of specific energy traversing a
certain distance" [52]. Thus, stopping power is closely related to LET [52].
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The difference between stopping power and LET is the fact that stopping power
defined as the energy loss per unit thickness and sometimes redefined as a density
corrected stopping power by dividing the stopping power, –dE/dx, by the density
(ρ) describes the rate of energy loss including the production of long-range high-
kinetic-energy electrons. In contrast, the important constraint on the International
Commission on Radiation Units and Measurements (ICRU) definition of LET is that
it describes the rate of transfer of energy to the medium locally [51]. This locality
can be highly relevant for a biological system since living cells have diameters of the
order of microns [53]. Subcellular structures can be many times smaller; the DNA
double helix, for example, has a diameter of about 2 nm [54]. Here, the production
of energetic electrons becomes relevant. A heavy charged particle traversing matter
sometimes produces a secondary electron with sufficient energy to leave the imme-
diate vicinity of the primary particle’s path and produce a noticeable track of its own.
Such a secondary electron is often called a delta ray (δ ray). Because of the project-
ing out radially with respect to the track "core", it makes the initial ion track very
complex [55–57]. Delta electrons and other secondary electrons can thus effectively
transfer energy away from the original volume in which it is lost by a primary particle
and deposit it in a totally different biological environment.

LET is thus another term for a restricted stopping power that neglects the fraction
of energy that goes into δ rays with energies exceeding a cutoff value ∆. To calculate
this quantity, one integrates the weighted energy loss spectrum only up to ∆, rather
than Emax (the maximum energy transfer) [52]:(

−dE
dx

)
∆

= µ

∫
∆

Emin

EW (E)dE (3.1)

Ideally, LET rather than stopping should have been used in all experiments of
chapter 4, 5 and 6. However, since the choice of the cutoff energy is a rather
arbitrary one which may give rise to a lot of debate, in this thesis unrestricted LETs
equaling the generic stopping power are used.

In contrast to the concept of stopping, the LET concept can also be used for pho-
tons such as gamma rays or X-rays [58] which makes comparison between the differ-
ent types of radiation easier. The more general usage reflects the fact that for charged
particles as well as for photons, the transfer of energy is always due to processes caus-
ing secondary electron production and further propagation of these electrons [59]. In
the radiobiological literature typically low and high LET radiations are distinguished.
The term "low LET radiation" usually refers to photons from typical gamma-ray
sources such as 60Co and 137Cs, as well as from laboratory X-ray machines that have
peak energies in the range of 50 keV or more. The electrons generated in plasmid
DNA and general in tissue by interaction with X-rays from typical 250 kV X-ray gen-
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erators have mean LET values of about 2–3 keV/µm [60], while gamma-rays (662
keV) have mean LET values in the range of 0.2–0.4 keV/µm [58, 60].

For an identical absorbed dose, many experiments have shown a strong LET of
the radiation induced damage of tissues, cells and plasmid DNA [61, 62] using in
various biological end points such as cell killing [63–66], mutation [65, 67, 68] and
tumor induction in vivo [69, 70] as the damage is observable. It is thus worth to have
a close look into LET and the physics of the so-called Bragg curve.

A rigorous description of the rate of energy loss from a charged particle pass-
ing through an absorbing medium was done by Bethe for particles of rest mass M
much larger than m the electron rest mass. Using relativistic quantum mechanics, the
following expression was derived for the stopping power of a uniform medium for a
heavy charged particle [71]:

−dE
dx

= 2πNar2
e mec2

ρ
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[
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−2β

2
]

(3.2)

In this relation
re: classical electron radius = 2.817 ×10−13 cm,
me: electron mass,
Na: Avogadro’s number = 6.022 ×10−23 mol−1,
I: mean excitation potential,
Z: atomic number of absorbing material,
A: atomic weight of absorbing material,
ρ: density of absorbing material, e = electron charge,
z: charge of incident particle in units of e,
γ = 1/

√
1−β 2,

β = v/c = speed of the particle relative to c,
Wmax: maximum energy transfer in a single collision.

With the kinetic energy of C ions (90 MeV/u) used in the experiments (chapter
5), β = 0.44.

3.2 Bragg curve

The LET of a heavy charged particle as a function of its residual energy is shown in
fig. 3.1. The energy loss increases with decreasing kinetic energy of the projectile
ion. E1 and E2 are residual energies associated with LET1 and LET2, respectively.
The rate of energy loss is nearly constant at the initial energy of the particle (Emax).
A maximum in the energy loss occurs when the particle approaches the end of its
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Figure 3.1: Rate of energy loss for a heavy charged particle as a function of its residual
energy [59].

range (and the residual energy is small). This peaked LET distribution versus residual
energy is characteristic of a heavy charged particle, and is known as the Bragg peak.
Formally, the Bragg distribution is more generally shown as a plot of relative dose
against range in the absorber such as water or plasmid DNA. Such a plot is shown in
fig. 3.2. The fact that the majority of the energy is deposited at the end of the track
has great physical and biological significance. It is worth to look into the different
parts of the Bragg curve to figure out the mechanism of destroying plasmid DNA.

According to the Bethe formula the rate of energy deposition for high-energy
charged particles is proportional to the inverse of the squared velocity of the particle
i.e. to its kinetic energy. For stopping of electrons, this aspect of the rate of energy
deposition as a function of trajectory is not particularly important. Because of its
low mass the electron follows a tortuous path to its final stopping point, and the
change of LET with the slowing down electron will be masked by the average LET
of other slowing down electrons in the volume. Hence, the high energy deposition
at the terminus of the electron track will be distributed more or less randomly in the
absorber.
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Figure 3.2: Bragg curve for carbon ions in water at the position of the sample in the setup,
initial beam energy is 90 MeV/u.

3.2.1 Straggling

The range of a charged particle of a given type and energy in a given medium is the
expectation value of the pathlength that it follows until it comes to rest. A related
quantity, the projected range of a charged particle of a given type and initial energy
in a given medium, is the expectation value of the final depth of penetration of the
particle in its initial direction when it comes to rest. In reality due to the statistical
nature of electronic stopping a number of identical particles starting out under iden-
tical conditions will show (1) a distribution of energies as they pass a given depth
and (2) a distribution of pathlengths traversed before they stop. The phenomenon of
unequal energy losses under identical conditions is called energy straggling and the
existence of different pathlengths is referred to as range straggling. Straggling is not
only a longitudinal process but also a transverse process leading to a blow up of the
beam-size.

3.3 SRIM and TRIM calculations

The software package Stopping and Range of Ions in Matter (SRIM) is a convenient
tool to estimate the range of low energy particles in matter. It is based on the concept
of nuclear and electronic stopping [72]. At present stopping powers can be calculated
with an average accuracy of better than 10% for low energy heavy ions, and to better
than 2% for high velocity light ions. Range distributions for amorphous elemental
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targets have about the same accuracy [72].
Using SRIM, the ranges of the 1H, 2He and 12C in plasmid DNA are calculated

based on parameters such as the density of pBR322 plasmid DNA, elemental compo-
sition of plasmid DNA, initial energy of the ions and information of the ions themself
such as mass (amu) and atomic number.

For the Transport of Ions in Matter (TRIM), the option "Detailed Calculation with
full Damage Cascades" was chosen to calculate the energy loss of ions. This option
follows every recoil until its energy drops below the lowest displacement energy of
any target atom. Hence all collisional damage to the target is tracked.

3.4 Track structure

Swift heavy ions cause material modification along their tracks primarily due to spa-
tially very dense sequences of electronic excitations. The effects of heavy ions are
further complicated by nuclear interactions, which can give rise to both projectile
and target fragments. As a consequence the tracks may branch out. It is well known
that the features of radiation track structure at the nanometer level have important im-
plications for the radiation effects in biological targets such as the form of clustered
damage of varying complexity [73], in liquid water [74], and DNA target model [75].

3.5 Photon interaction with matter

To understand the different mechanisms of heavy ion induced plasmid DNA dam-
age, we did complementary experiments using photon irradiation. In most clinical
applications, either X-rays or gamma (γ)-rays are employed.

Energetic photons deposit energy in matter through the following processes:

∙ Photoelectric effect.

∙ Compton effect.

∙ Pair production.

All three of these interactions result in the production of energetic electrons that,
in turn, lose energy by exciting and ionizing target atoms and molecules and setting
more electrons in motion. If a γ-ray beam is absorbed by tissue or plasmid DNA,
the net result is the production of a large number of fast electrons, many of which
can ionize other atoms of the plasmid DNA and are sufficiently energetic to break
chemical bonds to lead to DNA strand breaks.

The relative contributions of the three processes for photoabsorption in water are
given in Fig. 3.3, with:
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Figure 3.3: Mass attenuation coefficients for water [59].

∙ τ/ρ: photoelectric mass attenuation coefficient.

∙ σ /ρ: Compton mass attenuation coefficient.

∙ κ/ρ: pair production mass attenuation coefficient.

The total mass energy absorption coefficient for water labeled µa/ρ reveals that only
below 100 keV, photoelectric processes are relevant. Compton scattering then domi-
nates up to energies of a couple of MeV before pair production sets in. This implies
that for the biologically very significant processes, Compton scattering and photo-
electric effect are the dominant underlying effects.

∙ The photoelectric effect describes the absorption of the incoming photon by an
atom followed by the emission of a photoelectron under conservation of energy
(see Fig. 3.4) following the well know equation:

KE = hν−BE (3.3)
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Figure 3.4: The photoelectric process [76].

where BE is the electon binding energy. If an inner shell electron is removed,
the respective vacancy is subsequently filled by an electron from a more loosely
bound shell. Depending on the electron shells involved and on the Z of the
atom, the excess energy is either emitted as a photon or released as kinetic
energy of an (Auger) electron.

∙ In the energy range most widely used in radiotherapy (above 100 keV) [76],
the Compton effect is the most important mechanism leading to deposition
of energy in a molecule (plasmid DNA) (Figure 3.5). This energy-transfer
process involves a photon scattering from a bound electron accompanied by
momentum transfer to the electron. Because of the high photon energy, the
bound electron can be considered "free". A broad spectrum of electron kinetic
energies arises from Compton scattering which will cause the usual secondary
processes.

Figure 3.5: The Compton process [76].
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∙ For energies exceeding twice the electron rest-mass (1.02 MeV) [76], in the
vicinity of a nucleus a γ-ray photon can induce electron-positron pair formation
(fig. 3.6). Gamma energy in excess of the equivalent rest mass of the two
particles (1.02 MeV) appears as the kinetic energy of the pair and the recoil
nucleus. At the end of the positron’s range, it combines with a free electron
and emits annihilation radiation of the respective energy.

Figure 3.6: Pair production process [76].

3.6 Direct and indirect DNA damage

DNA in the condensed phase can not only be damaged by direct effects, i.e. ionization
and dissociation of DNA or the first solvation shell by primary or secondary particles.
Apart from that, indirect effects play an important role. This term describes the
diffusion limited processes in which DNA is chemically altered. Most relevant in this
context are ∙OH radicals stemming from water radiolysis. Before this issue will be
discussed in more detail, first an overview on possible channels of DNA damage will
be given.

The main types of damage that can be directly or indirectly induced in DNA by
ionizing radiation are base damage, apyrimidnic/apurinic (AP) sites (missing bases),
single-strand breaks (SSB), double-strand breaks (DSB), tandem lesions and various
clustered lesions as shown schematically in Fig. 3.7. In the cell nucleus, DNA is
organized in the complex chromatin structure which consists of similar fractions of
DNA and proteins. In that case other lesions such as DNA/DNA and DNA/protein
cross-links are possible as well.
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Figure 3.7: a–i Schematic representation of important types of DNA damage in dsDNA
caused by ionizing radiation: a base damage; b AP site; c SSB; d DSB from two close-by
SSBs; e tandem lesion; f clustered lesion with two damaged bases at opposite strands; g
SSB with damaged base on opposite strand; h clustered lesion with three damaged bases;
i clustered lesion with a DSB (from two close by SSBs) and two damaged bases. Upon
enzymatic treatment, a, b and e may turn into a SSB, while f and g may give rise to a DSB.
The complex lesion h may not be recognized by the enzyme at all, nor would an enzyme
treatment of i be detectable, since it already contains a DSB [77].

3.6.1 Water radiolysis and free radicals

Cells typically contain ∼70%–85% of water, ∼10%–20% of proteins, ∼10% of car-
bohydrates, and∼2%–3% of lipids [78]. In the cell nucleus, where the chromosomes
are located, water content may be different from the cytoplasm. Furthermore, even
the cell nucleus is a very heterogeneous environment in which the chromosomes have
the highest organizational structure. During processes such as cell division, these
structures can be very dynamic. It is thus not a priori clear, how much water is
present in the vicinity of DNA in the nucleus of a living cell. Nevertheless, in this
thesis, the approximation of DNA in aqueous solution is studied.

As mentioned before, ionizing radiation produces abundant secondary electrons
in biological matter. Most secondary electrons are produced in water because it dom-
inates the content of the cell and cell nucleus. Secondary energies typically range
from 10–100 eV [75, 79]. Subsequent to their production, the electrons slow down
very quickly (≲10−15 s) to subexcitation energies [52]. Time-scales play a crucial
role in this context and therefore the various temporal stages of radiation action are
summarized in table 3.1.
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Table 3.1: Time Frame for Effects of Ionizing Radiation [52].

Time Events

Physical stage Formation of H2O∙+, H2O∗, and subexcitation electrons,
≤10−15 s e−, in local track regions (≲1 µm)
Prechemical stage Three initial species replaced by H3O+, ∙OH, e−aq , H∙

∼10−15 s to ∼10−12 s
Chemical stage The four species H3O+, ∙OH, e−aq, and H∙ diffuse and
∼10−12 s to ∼10−6 s either react with one another or become widely

separated. Intratrack reactions essentially complete by
∼10−6 s

Biological stages
≲10−3 s Radical reactions with biological molecules complete
≲1 s Biochemical changes
Minutes Cell division affected
Days Gastrointestinal and central nervous system changes
Weeks Lung fibrosis develops
Years Cataracts and cancer may appear; genetic effects in

offspring

Radiolysis of water by low LET radiation, such as γ-rays has been studied ex-
tensively over the last 50 years and the radiolytic yields are well known [80]. With
increasing LET, the density of radicals increases in the ionization tracks and the prob-
ability of recombination of these radicals can be faster than their diffusion away from
the track spurs in which they are formed [74, 81–83].

3.6.2 Free radicals

Even though energetic photons and high-energy particles have totally different pri-
mary interactions with matter, they both give rise to electron production. These elec-
trons are slowed down in a cascade of interaction processes and the respective areas,
containing ionization and occasionally also electronic excitation events [reaction 3.4],
are called spurs. When the electrons excite water molecules, a water radical cation
and an electron can be generated [reaction 3.5]. The latter may still contain enough
energy to cause further ionizations in the very near neighborhood. The ionization
process occurs within ≲10−15 s [84]. For comparison, at room temperature a water
molecule needs ∼10−12 s to move an average distance of ∼1–2 Å which is roughly



3.6 Direct and indirect DNA damage 43

equal to its diameter (2.75 Å) [85].

H2O → H2O∗ (3.4)

H2O → H2O∙++ e− (3.5)

The water radical cation, produced in reaction 3.5, immediately loses a proton to
neighboring water molecules thereby forming an ∙OH radical [reaction 3.6, [86–89]]
and a H3O+ ion. If sufficiently slow, the ejected electron can turn into a hydrated
electron [reaction 3.7]. Electronically excited water molecules can decompose into
∙OH and H∙ [reaction 3.8]. As a consequence, three kinds of free radicals are formed
side by side in the spurs, ∙OH, H3O+, e−aq (the subscript "aq" refers to the fact that the
electron is hydrated), and H∙. The radical formation processes are completed after
about 10−12 s. The radical formation period is usually labeled prechemical stage (see
also table 3.1).

H2O∙++H2O → H3O++∙OH (3.6)

e−+nH2O → e−aq (3.7)

H2O∗ → ∙OH +H∙ (3.8)

Thus, about a picosecond after the passage of a charged particle or photon, diffusion-
limited chemical reactions begin to that take place within and around the spur. Since
a spur usually contains many free-radical pairs, there is the possibility that radicals
interact with one another in the diffusion limited stage from 10−12 s till 10−6 s.

Table 3.2: Radical-radical interaction in the spur.

Reaction Ref.

e−aq + e−aq + 2H2O → H2 + 2OH− [89]
e−aq + ∙OH → OH− [90]
e−aq + H∙ + H2O → H2 + OH− [90]
e−aq + H3O+ → H∙ + 2OH− [90]
∙OH + ∙OH → H2O2 [90]
∙OH + H∙ → H2O [90]
H∙ + H∙ → H2 [91]
H3O+ + OH− → 2H2O [89]
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As time passes, the reactions listed in the table 3.2 proceed until the remaining
reactants diffuse so far away from one another that the probability for additional re-
actions is small. After ∼10−6 s the chemical development of the track in pure water
then is essentially over.

In aerobic cell cultures, by measuring cellular resistance to irradiation in the pres-
ence of radical scavengers (2, 3), it is estimated that the hydroxyl radical contributes
about 70% of the cell killing from low-LET radiation. The hydroxyl radical is thus
mainly responsible for "indirect" DNA damage in vivo (4), and consequently it is of
interest to investigate more closely the reaction of DNA with the hydroxyl radical.
In chapter 4 and 5, the very action of hydroxyl radical are invoked to interpret the
experimental data.

From the diffusion constant of a species D (see table 3.3), one can calculate the
distance λ a radical moves in a time τ [52]:

λ
2 = D×6τ (3.9)

Table 3.3: List of considered reactive species and corresponding diffusion constants D.

Species D (10−5cm2s−1) Ref.

e−aq 4.9 [90]
∙OH 2.8 [89]
H∙ 7.0 [89]
H3O+ 9.0 [89]
H2 4.8 [89]
OH− 5.0 [89]
H2O2 2.3 [89]



CHAPTER 4

Heavy ion induced damage to plasmid DNA:
Plateau region versus spread out Bragg-peak

We have investigated the damage of synthetic plasmid pBR322 DNA in dilute aque-
ous solutions induced by fast carbon ions. The relative contribution of indirect dam-
age and direct damage to the DNA itself is expected to vary with linear energy transfer
along the ion track, with the direct damage contribution increasing towards the Bragg
peak. Therefore, 12 C ions at the spread-out Bragg peak (dose averaged LET = 189
± 15 keV/µm) and in the plateau region of the Bragg curve (LET = 40± 5 keV/µm)
were employed and the radical scavenger concentration in the plasmid solution was
varied to quantify the indirect effect. In order to minimize the influence of 12C fission
fragments, a relatively low initial energy of 90 MeV/u was employed for the carbon
ions. DNA damage has been quantified by subsequent electrophoresis on agarose
gels. We find that single strand breaks and double strand breaks due to both indirect
and direct effects are systematically higher in the plateau region with the difference
being smallest in the Bragg peak region. In view of the fact that the relative biolog-
ical effectiveness for many biological endpoints is maximum at the Bragg peak our
findings imply that DNA damage at the Bragg peak is qualitatively most severe.

based on:
Heavy ion induced damage to plasmid DNA: Plateau region versus spread out Bragg-
peak
H.M. Dang, M.J. van Goethem, E.R. van der Graaf, S. Brandenburg, R. Hoekstra, and
T. Schlathölter
(submitted)
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4.1 Irradiation of plasmid DNA in aqueous solutions with
energetic particles

When fast atomic ions like C6+ at GeV energies interact with matter, a sizeable frac-
tion of ion kinetic energy is deposited at the end of the track. For instance a 100
MeV/u 12C beam has a penetration depth in water of about 25 mm and looses the last
20% of kinetic energy on the last 1.5 mm. The resulting dose-maximum at this loca-
tion is called the Bragg peak and it is the existence of this dose maximum that renders
ions interesting for medical application in cancer treatment. The Bragg peak allows
selective dose deposition in deeply seated solid tumors without excessive damage to
surrounding tissue. Therefore, proton therapy and carbon therapy have the potential
to significantly improve the therapeutic ratio of cancer therapy [92].

However, dose is not the only relevant quantity in this context. Leith et al. [93]
for instance examined the inset of paralysis as a biological response of rat spinal cord
irradiation and found that the relative biological effectiveness (RBE) of helium ions in
the plateau and spread-out Bragg peak regions are comparable (a definition of plateau
and spread-out Bragg peak will be given at the end of the introduction). On the other
hand, Staab and co-workers [94] studied the influence of C irradiation on chinese
hamster cell V79 spheroid volume growth under hypoxic conditions as a function of
LET. They found an increase in RBE with increasing LET with the most efficient
cell inactivation occurring at the Bragg peak whereas at the plateau, radiobiological
mechanisms of C ion induced cell inactiviation seem to be similar to those observed
for X-ray irradiation and lighter ions.

The reason of the peak in the dose deposition lies in the fact that the stopping
power has a maximum for low velocities: In the range of the Bragg peak, ions start to
reach the velocity range of target electrons involved in molecular binding. It is mainly
the interaction with these outer electrons that dominates the stopping on a molecular
level, in contrast to the high energy regime where interaction with inner-shell elec-
trons is dominant [95]. Accordingly, on a molecular level damage mechanisms may
be very different at the Bragg peak and at the plateau. De Vries et al. [96] for instance
have shown, that for heavy ion at collisions energies typical for the very end of the
Bragg peak molecular fragmentation can lead to formation of secondary ions with ki-
netic energies of several 10 eV. These fragments can subsequently induce damage in
neighboring biomolecules and in particular in DNA. It was shown by Deng et al. [97]
that the interaction of such low energy secondary ions with DNA bases is sufficient
to induce their fragmentation. Similar effects were observed for fragmentation of
small oligonucleotides by Sellami et al. [98]. These results indicate that complex
DNA damage such as clustered strand breaks could be relevant at Bragg peak ener-
gies. This most severe type of damage could explain the high RBE of ions at Bragg
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peak energies. Very recently, Psonka-Antonczyk et al. found evidence for formation
of such clustered lesions in atomic force microscopy studies of heavy ion irradiated
plasmid DNA thin films [99].

Finally, nuclear fragmentation of the incident C6+ along the track is an important
issue. For instance, at an initial energy of about 290 MeV/u, up to 50% of C6+

are fragmented into secondary energetic ions like H+ and He2+, and to some extent
into Li3+, Be4+ and B5+ before they reach the Bragg peak [100–102]. The recoils
of nuclear reactions are in the MeV to tens of MeV range depending on the depth
of creation and the specific reaction. The fragment ion velocity thus is the same or
higher as that of the primary ion at the same location, so the energy is in the tens to
hundreds of MeV range rather than in the MeV range for most of their trajectory.

Figure 4.1: Depth-dose distribution of the unmodulated (stars) and modulated (circles) 90
MeV/u 12C beam, featuring the regular Bragg peak and the spread-out Bragg peak (SOBP),
respectively. Lines are drawn to guide the eye. The two arrows indicate the sample location
for irradiation at the plateau of the Bragg curve (40 ± 5 keV/µm) and at the SOBP (189 ±
15 keV/µm). The shift in penetration depth is due to the presence of additional windows for
the SOBP.

Consequently, under therapeutic conditions the carbon beam at the plateau and
the Bragg peak (fig. 4.1) is of rather different composition and this could result in
variations of the DNA damage per radiation dose and, due to the higher energy of the
fragments, in different molecular mechanisms underlying part of the damage.

In this article we compare plasmid DNA damage for 90 MeV/u C6+ slowed down
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Figure 4.2: Gel electrophoresis image of DNA after 12C irradiation in the plateau region as
a function of dose (without Mannitol). OC: Open circular, L: Linear, SC: Supercoiled, C:
control sample, D: Digestion.

to a location within the spread out Bragg peak that corresponds to a dose average
LET of 189 ± 15 keV/µm and the plateau region (LET = 40 ± 5 keV/µm). DNA
is irradiated in an aqueous solution in the presence of radical scavengers to study the
influence of indirect effects and to mimic the chemical environment of a cell nucleus.
We will show that at identical dose, even for strongly suppressed indirect effects less
double strand breaks are produced at the Bragg peak. This hints at production of
more severe double strand breaks or clusters of double strand breaks at the Bragg
peak.

4.2 Results

4.2.1 Plasmid in dilute aqueous solution

Figure 4.2 shows an example of a gel electrophoresis image of a DNA sample irra-
diated in pure water with 40 ± 5 keV/µm carbon ions in the plateau region, demon-
strating the dose-variation of the main plasmid forms.

The relative yields of the three fractions (SC, OC and L), as quantified from
the gel image in fig. 4.2, are plotted as a function of dose in fig. 4.3. The rela-
tive amount of native plasmids (SC) drops exponentially with dose as expected from
Poisson statistics. The observed trend in the yield of the open circular plasmid form
is due to the interplay of single and multiple damages of the same plasmid. At low
dose, almost all damage is due to isolated events and accordingly the OC-fraction of
the plasmids increases with dose. As the dose increases, plasmids containing a single
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Figure 4.3: Relative yields of supercoiled (SC), open circular (OC) and linear (L) plasmid
DNA after 12C irradiation at the plateau region of the Bragg curve (LET = 40 ± 5 keV/µm)
as a function of dose (without Mannitol). For the open symbols, short linear fragments (SL)
have been included in the analysis. The solid lines are the fits to the data using the model of
Cowan et al. [103].

Figure 4.4: Gel electrophoresis image of plasmid DNA after 12C irradiation at the SOBP at
various doses (without mannitol). OC: Open circular, L: Linear, SC: Supercoiled, C : sample
stored in refrigerator at 4 ∘C and without any irradiation, D: Digestion.
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SSB suffer additional SSB, which do not lead to a further increase of the OC fraction.
On the other hand, when closely spaced sequential SSB lead to DSB formation from
a relaxed plasmid, the latter is converted to the L form. This explains the observed
increase of L forms accompanied by a decrease of OC forms. Direct DSB induction
is a possible channel as well. We have used the model of Cowan et al. [103] to ex-
tract the yield of SSB and DSB per plasmid per dose from the relative intensities of
each band in the gel image. This model (lines in fig. 4.3) which is described in next
section reproduces the experimental data (symbols in fig. 4.3) accurately. For the
data obtained in the absence of mannitol we have also estimated the yield of the SL
fraction as described earlier and corrected the SC, OC and L fractions accordingly.
The corrected data is also displayed in fig. 4.2 as open symbols. It is obvious that SL
fraction increases up to 15% at 300 Gy.

Fig. 4.3 displays the results for the SSB and the DSB fraction in the plateau region
of the Bragg curve. The fraction of supercoiled plasmid DNA decreases whereas the
fraction of the linear (L) form for double strand breaks (DSB) increases as a function
of dose. The fraction of open circular (OC, due to SSB) plasmids formed by single
strand breaks shows a rapid increase with dose until a maximum of 80% is reached
at about 30 Gy after which is monotonically decreases with dose. For higher doses,
the SSB fraction decreases monotonically. The fraction of the L form (due to DSB)
gradually increases up to 70% with dose.

Figure 4.4 shows the gel electrophoresis images of DNA irradiated by 12C ions at
the SOBP for different doses in the absence of radical scavengers. Similar to the case
of the plateau region, the fraction of supercoiled plasmids quickly drops as a function
of dose. The OC fraction increases up to a dose of about 50 Gy and decreases again
for higher doses. The fraction of linear plasmids is monotonically increasing over the
whole dose range under study. The results of the quantitative analysis are shown in
fig. 4.5. Again, the data corrected for the SL fraction is displayed as open symbols
and again about 15% of SL are observed at 300 Gy.

4.2.2 The influence of radical scavengers

In a second experiment, the influence of a radical scavenger on the damage is investi-
gated at the plateau region. The fractions of OC, SC and L plasmid conformations as
a function of dose for a 600 mmol/l mannitol concentration are depicted in figure 4.6.
Compared to the situation where no scavenger is present (Figure 4.3), the DNA dam-
age yields are strongly reduced. Linear plasmids decrease to less than 15%. This
implies that scavenging of ∙OH radicals plays an important role in preventing plas-
mid DNA damage under realistic cellular conditions. The radiation damage to the
plasmids was also studied as a function of mannitol concentration for a fixed dose
of 300 Gy. The quantitative results are displayed in figure 4.7. The scavenger effect
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Figure 4.5: Relative yields of supercoiled (SC), open circular (OC) and linear (L) plasmid
DNA after 12C irradiation at SOBP (dose averaged LET∞ = 189 ± 15 keV/µm) as a function
of dose (in pure water). For the open symbols, short linear fragments (SL) have been included
in the analysis. The solid lines are fit to the data using the model of Cowan et al. [103].

saturates above 200 mmol/l mannitol, i.e. at the same concentration where saturation
was observed in our earlier study on 137Cs γ-photon irradiation of plasmids [104]. At
300 Gy the fraction of supercoiled plasmids is 20% at the plateau.

For plasmid DNA in a 600 mmol/l mannitol solution and irradiation at the SOBP,
L formation (fig. 4.8) and also OC formation is stronger suppressed than for the
plateau region. At 300 Gy, less than 10% L and about 60% OC are observed (fig. 4.9)
which must largely be due to direct effects. For both cases the estimated SL fraction
does not exceed the order of the uncertainty of the evaluation method. A (very poor)
linear fit through the SL data gives an estimation of 7% SL for 300Gy at the SOBP
and 3% at the plateau but these values have to be taken with caution. We can however
clearly conclude that in the absence of scavengers, most of the SL plasmids are pro-
duced by indirect effects. Furthermore, at high scavenger concentrations the sum of
L and SL fractions at 300 Gy is at most equal for the SOPB and the plateau region.

The results observed for irradiation in the absence of a scavenger are counterin-
tuitive. Compared to the case of irradiation at the plateau, the damages at the Bragg
peak region as a function of dose are less. In particular the L fraction due to DSB or
multiple SSB is reduced below 10%. Moreover, as seen in figures 4.9 and 4.7, there
is a peak in the OC plasmid fraction at a scavenger concentration of 10 mmol/l. This
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Figure 4.6: Relative yields of supercoiled (SC) and open circular (OC) plasmid DNA after
12C irradiation at the plateau (LET = 40 ± 5 keV/µm) as a function of dose in the presence
of 600 mmol/l of Mannitol. The lines are to guide the eye.

effect could be due to the fact that DSB at low concentration are to a large extent due
to multiple radical induced SSB and thus scavengable. Thus, when the concentration
of mannitol increases and L plasmid yields due to multiple SSB decrease, an increase
in OC plasmids is expected.

Different from the plateau results, for plasmid DNA in a 600 mmol/l mannitol
solution and irradiation at the SOBP, L formation (fig. 4.8) and also OC formation is
stronger suppressed. At 300 Gy, about 0.1 L and about 0.6 OC are observed (fig. 4.9),
indicating the relevance of direct effects. The results observed for irradiation in the
absence of a scavenger are counterintuitive. Compared to irradiation at the plateau,
the damages at the Bragg peak region as a function of dose are less. The maximum
fraction of SSBs and DSBs are only 50%. An example of the differences in DSB
yields obtained after irradiating plasmid DNA in the two regions is shown in figure
4.10.

4.2.3 Damage yields as a function of scavenging capacity

For the discussion of the experimental data, it is convenient to calculate the probabil-
ity for induction of SSB µ and DSB φ on a plasmid per Gray. We employ the model
by Cowan et. al [103], originally developed to determine these probabilities for in-
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Figure 4.7: Relative yields of supercoiled (SC), open circular (OC) and linear (L) DNA after
300 Gy 12C irradiation at the plateau as a function of Mannitol concentration. The lines are
to guide the eye.

Figure 4.8: Relative yields of supercoiled (SC), open circular (OC) and linear (L) plasmid
DNA after 12C irradiation at SOBP as a function of dose (with 600 mmol/l of Mannitol). The
solid lines are the fits to the data using the model of Cowan et al. [103].
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Figure 4.9: Relative yields of supercoiled (SC), open circular (OC) and linear (L) DNA after
300 Gy 12C irradiation at SOBP as a function of Mannitol concentration. The lines are to
guide the eye.

Figure 4.10: DSB yields induced by 12C irradiation. Comparison of DNA breakage yields
measured at plateau region and SOBP. The lines are to guide the eye.
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dependent action of nicking (SSB inducing) and cleaving (DSB inducing) enzymes,
respectively. In [103] it was already pointed out that the model is also applicable to
the action of ionizing radiation on plasmids. The damaging events are considered
independent and thus Poisson statistics can be applied.

The yield of supercoiled plasmids as a function of dose D is:

SC (D) = e−φDe−(µD+µ0) (4.1)

µ0 is the yield of SSB per plasmid at zero dose. This parameter reflects the quality of
the plasmid sample under study. Equation 4.1 describes the exponential decrease of
supercoiled plasmids due to induction of SSB and DSB. The yield of open circular
plasmids can be written as:

OC (D) = e−φD(2e−(µD+µ0)/2−2e−(µD+µ0)+(µD+µ0)X
)

(4.2)

with

X =
1/b

∑
k=1

e−(µD+µ0)(1+kb)/2

[1
2 (µD+µ0)(1− kb)

]2k−1

2k!

The DSB channel only leads to loss of OC plamids described by an exponential
decrease term. SSB of the SC form lead to filling of the OC channel and SSB of
OC plasmids can lead to their loss if both SSB are on opposite strands and within a
distance of less than b × plasmid length base pairs. Correct application of Cowan’s
model requires knowledge of the interaction distance between strand breaks with b =
10 bp/4361 bp. b is the correlation length between SSBs in fraction of the plasmid
length. In our model calculations, we used an interaction distance of 10 bp for DSB.
k number of SSB on one strand. In case of more than two SSB, even multiple DNA
scission can occur, also leading to loss from the OC channel. The loss channels lead
to the more complex structure of equation 4.2.

The last equation describes the dose dependence of the linear form due to plas-
mids that were subject to at least one DSB:

L(D) < e−φD

[
µD+µ0

2−b(µD+µ0)

(
(µD+µ0)X−Y + e−(µD+µ0)/2− e−(µD+µ0)

)
+ φD

{
e−(µD+µ0)+

(
2e−(µD+µ0)/2−2e−(µD+µ0)+(µD+µ0)X

)}]
(4.3)

with

Y =
1/b

∑
k=1

e−(µD+µ0)(1+kb)/2
[

2k+
1
2
(µD+µ0)(1− kb)

]

×
[1

2 (µD+µ0)(1− kb)
]2k−1

2k!
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Here, DSB can lead to filling of the L channel from SC and OC and DSB can lead
to loss from L into short linear fragments. SSB can fill the L channel from OC and
also lead to loss into short linear fragments. There is no analytical solution for the
loss process, since the definition of "short" depends on the question which fragment
length will lead to a deviation from the L band in the gel-electrophoresis analysis.
Cowan et.al [103] give equation 4.3 as an upper limit for the L channel, which should
approximate the correct results for the b values relevant here.

Table 4.1: SSB per plasmid per Gy (µ) and DSB per plasmid per Gy (φ ) yields after 12C
irradiation at the plateau region and at the SOBP.

Yields(/plasmid/Gy) Plateau region SOBP
µ 0.15 ± 0.03 0.052 ± 0.006
φ 0.009 ± 0.001 0.0031 ± 0.0004

The parameters µ and φ in the above equations can now be used as adjustable
parameters to obtain optimum agreement with the experimentally obtained yields. To
this end, the model-predicted relative yields of the various plasmid forms, normalized
to (SC+OC+L) = 100%, were employed since short fragments are only produced in
negliglibe quantities in the experiment for scavenger concentrations exceeding a few
10 mmol/l. The fitting procedure was based on the Nelder-Mead [105] and Marquardt
[106] algorithms, implemented in the Matlab software package (The MathWorks Inc.,
Natick, MA).

The yield of SSB and DSB per Gray is higher at the plateau than at the Bragg
peak. When mannitol is added to the samples, the yields of SSB and DSB were
strongly reduced. This finding illustrates that in dilute aqueous solution the DNA
scissions are mainly induced by ∙OH free radicals from water radiolysis.

Considering the values in the table 4.1 and 4.2, it is easy to see that the number of
SSB per gray decreased by about 96% in the presence of mannitol at both the plateau
and at the SOBP. For the DSB the decrease when mannitol is added is somewhat
smaller, around 88%. This finding is in agreement with previous results obtained
with helium, carbon and iron ions [107–109] where the DSB induction was found
less protected in the presence of mannitol than the SSB breaks induction so DSB are
relatively less related to radicals or more to direct effect.
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4.3 Discussion

As a first counter-intuitive conclusion, the yield of plasmid SSB (µ) and DSB (φ )
induced by C -irradiation is higher in the plateau region than in the SOBP by more
than a factor of 3(cµ =

µplateau
µSOPB

≈ cφ =
φplateau
φSOPB

≈ 3, see table 4.1 in the absence of
scavengers. At high scavenger concentrations the factor between the DSB yields
obtained for the two regimes reduces to cφ = 1.4 whereas the difference between the
SSB exhibits a less pronounced drop to cµ = 1.9 (see table table 4.2).

Figure 4.11 displays the c-ratios as a function of scavenging capacity.

Figure 4.11: Factors cφ =
φplateau
φSOPB

and cµ =
µplateau
µSOPB

as taken from table 4.1 and table 4.2.

The observation of higher DSB yields in the plateau is at variance with the results
of Usami et al. [109] who studied C induced plasmid damage at much higher initial
energies (276 MeV/u) and observed no differences in DSB induction between the two
regimes. However, at such high energies substantial nuclear fragmentation occurs
along the ion track transversing through the plasmid DNA. This is leading to a more
than 50 % contamination at the SOBP with light nuclear fragment ions. These light
ions have deeper penetration depths and are responsible for the "tail" of the Bragg-
peak. Accordingly, for the more than 50 % light nuclear fragments, the 12C Bragg-
peak region still is a plateau region and therefore a comparison between the two
regimes is very difficult. Also, Usami et al. have a lower LET (13.1 keV/µm) in their
entrance location (plateau region) since they work with higher initial energies. In
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our experiments, the energy of the 12C ions beam is 90 MeV/u and about 95% of the
beam are 12C ions at the SOBP. Hence, the contribution of light fragments in the track
is negligible. Note that the ion energies used by Usami et al. are closer to the energy
range usually encountered in heavy ion therapy. However, for an investigation of the
underlying processes here we purposely chose a beam with negligible fragmentation.

Figure 4.12: SSB and DSB yields induced by 12C irradiation. Comparison of DNA breakage
yields measured at plateau region and SOBP. The lines are to guide the eye.

The results from table 4.2 are plotted in fig. 4.12. Note that the data in the figure
were converted from a (plasmid)−1 to a Da−1 scale to allow easy comparisons to
existing literature on irradiation of different plasmids (e.g. [58] for γ-photons and
fast protons on pHAZE). pBR322 has a mass of approximately 2.834 ×106 Da. The
mannitol concentration has been converted into a scavenging capacity σ = ks× cs

with cs being the scavenger concentration as given in the table and ks = 1.8× 109

mol−1ls−1 the reaction rate coefficient for mannitol with ∙OH radicals [110]. It is
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obvious that for the plateau region and for the SOBP, the dependence of both µ and φ

on the scavenging capacity follows a similar trend. Briefly, the scavenging capacity
can only influence the radical mediated indirect damage. At very high capacities,
virtually all radicals are scavenged and the indirect effect is essentially switched off.
This is clearly seen in the curves for both µ and φ in fig. 4.12: Damage yields are
high at low scavenging capacity and are found to decrease roughly following a power
law. For high scavenging capacities exceeding 108 s−1, damage yields deviate from
the power law and asymptotically approach a saturation value. The constant damage
at high scavenging capacity can be considered non-scavengable and is thus probably
due to direct damage. Note that the saturation region starts approximately at the
scavenging capacity expected within the cell nucleus (4×108s−1 [111]). This value
is indicated in the figure.

We can now extract the ratios between the damage yield at scavenging capacities
where saturation is reached and at negligible scavenging capacity for SSB and DSB
at the plateau and at the SOBP:

dplateau,SSB =
µplateau(109s−1)

µplateau(2×105s−1)
= 3.7%

dplateau,DSB =
φplateau(109s−1)

φplateau(2×105s−1)
= 6.5%

dSOBP,SSB =
µSOBP(109s−1)

µSOBP(2×105s−1)
= 5.7%

dSOBP,DSB =
φSOBP(109s−1)

φSOBP(2×105s−1)
= 10.3%

(4.4)

Obviously, the parameter d also equals the ratio between direct damage (the only
contribution at high scavenging capacity) and the total damage (being the sum of
indirect and direct damage at negligible scavenging capacity), i.e. we can conclude
that at the plateau 4% of the SSB and 7% of the DSB are due to direct damage
whereas at the SOBP 5% of the SSB and 10% of the DSB are due to direct damage.
Note, that for determination of the numbers, the SL fraction was ignored because of
the large uncertainties involved.

Three interesting conclusions can be drawn from fig. 4.12: 1) for scavenging
capacities similar to the cellular environment, the indirect effect is already fully sup-
pressed. Extrapolation of this conclusion to the cellular is certainly not straightfor-
ward as our dilute aqueous solution differs significantly from the cellular environ-
ment. 2) for DSB and SSB in the plateau and SOBP region, only 10 % or less of
the total damage at low scavenging concentration are due to direct damage. 3) sur-
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prisingly, at both plateau and SOBP region, a sizable fraction of SSB is due to direct
effects. This fraction is only about half as big as for DSB but clearly not negligible.

Whereas scavengable (indirect) damage is clearly due to diffusing radicals pro-
duced relatively far from the plasmid DNA, non-scavengable (direct) damage can
either be due to direct modification of the plasmid DNA itself or due to production
of ∙OH radicals or radical-clusters in the direct vicinity of the plasmid DNA (or a
combination of both). The scavengable damage is most probably due ∙OH radicals
stemming from primary water radiolysis along the track. Non-scavengable radicals
or radical-clusters close to plasmid DNA can for instance also stem from radiolysis
induced by Auger-electrons from DNA constituent atoms (P, C, N, O) [109].

In this picture, reduced µ values at the Bragg-peak as compared to the plateau
region could be explained by suppression of indirect damage: at the SOBP due to the
very high LET the ∙OH concentration in the track increases, leading to increasing
probability for radical recombination [112]. Jones et al. [113] invoked the same sce-
nario to interpret their data on fast He induced SSB and DSB damage of SV40 DNA
at different concentrations of DMSO.

This scenario explains our observed decrease of cµ and cφ when the scaveng-
ing capacity increases: If more radicals are scavenged, their density decreases and
radical-radical interactions are suppressed.

There are however at least two facts, which suggest that this scenario is incom-
plete. First of all, the damage curves for the plateau are higher than those at the
SOBP for both SSB and DSB over the whole range of scavenging capacities (c > 1,
see fig. 4.12). If radical-radical interactions were the only relevant processes here,
a reduction of the cµ and cφ to values smaller than 1 would be expected. Secondly,
from in vitro and in vivo heavy ion irradiation studies, it is known that for most bi-
ological endpoints, the RBE at the SOBP is higher than at the plateau: In rat spinal
cord irradiation studies with fast C-ions and symptoms of paresis in 50 % of the
animals as biological endpoint, Karger et. al [114] observed difference factors in
RBE between SOBP and plateau of 2.2 for 6 fractionations and of 3.5 for 18 frac-
tionations. Lücke-Huhle and co-workers [115] investigated survival rates of Chinese
hamster V79-spheroids cultures and found an RBE increase factor of 4.2 when com-
paring SOBP and plateau. For the same system, Staab et. al [94] only found a ratio of
1.5 for oxygen rich conditions and a ratio of 3 under normal circumstances. Suzuki
et al. [62] studied fast C ion induced killing of different human cell lines and found
on average a 2 times higher RBE in the SOBP than at the plateau.

In contrast to these finding, the c values measured in our study are clearly larger
than 1, implying systematically larger plasmid damage in the plateau region! An ex-
planation for this finding could be the generation of types of DNA damage at the
SOBP which are more difficult to repair by the cell [31]. Radical-radical neutraliza-
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tion however would render the additional dose lost and accordingly could not explain
the observed increase in RBE.

Clearly, in addition to the radical-radical neutralization effect, an additional mech-
anism plays a crucial role here. We propose that at the high LET values at the SOBP
more complex clustered plasmid damage is induced as compared to the lower LET sit-
uation at the plateau. The electrophoresis technique is not sensitive to such a change
in damage quality since a cluster of close DSBs will lead to an only insignificantly
shortened L plasmid. At the same time due to higher LET the dose at the SOBP is
due to fewer tracks than at the plateau and lower φ values are observed. This effect
is even amplified by the fact that at Bragg peak energies, less energetic secondary
electrons are produced as compared to the plateau region. This leads to smaller track
radius and thus volume at the Bragg peak, implying an even higher local dose. Last
but not least, there is a small contribution of SL plasmid fragments that proved very
difficult to quantify.

To get a better insight into the problem it is useful to look into the damage on
a per track level. At identical dose, the number of tracks is a factor of 4.3 larger at
the plateau (40 ± 5 keV /µm) than at the SOBP (dose average LET of 176 keV/µm).
Under the assumption that the dose effect on the plasmid in the SOBP is already
lowered due to changes in damage quality and due to radical-radical neutralization,
the number of tracks per unit volume becomes a relevant quantity: Probably, the
higher SSB and DSB yields in the plateau region are to a large extent an effect of
the 4.3 times larger number of tracks. Last but not least, the radial dose distribution
along a heavy ion track, which to a large extent reflects the energy spectrum of the
produced secondary electrons, varies as a function of ion velocity [116]. The local
dose along a track is thus higher for the SOBP.

4.4 Conclusion

In this chapter, we have investigated the SSB and DSB induction in plasmid DNA
upon irradiation with fast C ions. SSB and DSB yields per plasmid per dose were
found to be lower in the SOBP than in the plateau region. In view of the fact, that
in biological systems, for cell killing the RBE of C ions is usually found to behigher
in the SOBP than in the plateau region, we conclude that C ion at SOBP energies
induce DSBs that are qualitatively different from those induced in the plateau region.
Clustered strand breaks as recently identified for the first time by Psonka et al. [54]
are a likely explanation for this quality-difference.

From our data, we could also determine the amount of non-scavengable plasmid
damage as high scavenging capacities. Not only DSB but also a sizable fraction of
SSB are due to direct effects.



CHAPTER 5

Plasmid DNA damage by heavy ions at spread-out Bragg
peak energies

Interaction of ionizing radiation with plasmid DNA can lead to formation of single
strand breaks, double strand breaks and clustered lesions. We have investigated the
response of the synthetic plasmid pBR322 in aqueous solution upon irradiation with
12C ions under spread-out Bragg peak conditions (densely ionizing) and with 137Cs γ-
photons (sparsely ionizing) as a function of dose. To evaluate the relevance of indirect
effects, i.e. influences of diffusion limited radical induced DNA damage triggered by
water radiolysis, the experiments were performed at various concentrations of the
radical scavenger Mannitol. Agarose gel electrophoresis was employed to quantify
the DNA damage. At low scavenger concentration for a given dose DNA damage is
higher for γ-photons than for 12C. For the latter, the microscopic dose distribution
is inhomogeneous, with very high dose deposited along the few tracks through the
solution. This is in agreement with the concept that scavengers efficiently reduce
damage for γ-photons, implying that the underlying damage mechanism is single
strand break induction by OH radicals. For 12C induced damage, the fraction of
SSB and DSB that is unaffected by radical scavengers and thus due to direct effect is
quantified.

based on:
Plasmid DNA damage by heavy ions at spread-out Bragg peak energies
H.M. Dang, M.J. van Goethem, E.R. van der Graaf, S. Brandenburg, R. Hoekstra, and
T. Schlathölter
J. Eur. Phys. J. D, 60 (2010) 51
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5.1 Introduction

Radiation-induced damage to DNA in dilute aqueous solution can be due to energy
deposition, i.e. ionization of the DNA itself by the primary quantum of radiation
and secondary particles produced along the track. This is usually referred to as the
direct effect [117]. Ionization of water molecules in the direct vicinity of DNA, i.e.
in its solvation shell leads to immediate hole-transfer to the DNA and is considered
as damage of the direct-type as well. Energy is also deposited into the bulk water
outside the DNA solvation shells. DNA damage due to attack by radicals produced
in the bulk water is usually referred to as indirect effect [117]. Most reactive species
originate from water radiolysis into hydrated electrons (eaq

−), free hydrogen atoms
(H∙) and hydroxyl (∙OH) radicals [17, 118, 119].

DNA damage can be influenced by radiation quality, dose, dose rate, etc. [120].
In contrast to low Linear Energy Transfer (LET) radiation such as γ-photons, high
LET heavy-ions at Bragg peak energies lead to more complex track structures lead-
ing to biological havoc in organisms, tissues, cells, and DNA [120, 121]. Milligan et
al. [122, 123] have measured SSB yields induced by sparsely ionizing radiation (662
keV photons) for doses ranging from 0 to 100 Gy and low or high scavenger concen-
trations. Their results showed that SSB are due to single energy deposition events
manifesting in a linear dose response over a wide dose range.

Jones and coworkers [113] have compared SSB and DSB induction by low LET
(137Cs γ-photons) and high LET (MeV 4He ions) irradiation as a function of scav-
enger concentration. At high scavenger concentration and equal dose they observed
higher DSB yields for the high LET radiation, suggesting a qualitatively different
damage mechanism active in case of 4He irradiation. This result suggests that high
LET radiation leads to formation of locally multiply damaged DNA (clustered le-
sions). Similar results have been found by Stankus et al. [124] for neutron irradiation
of plasmid DNA in aqueous solution. In a very comprehensive study Taucher-Scholz
and Kraft [125] measured plasmid SSB and DSB for irradiation of a variety of fast
ions and for X-rays as a function of energy. (Note that in this study the influence of
scavenger concentration was not investigated.) It was later shown that the key fea-
tures observed in their survey could be explained using a track structure model based
on the local dose deposited [57]. Most recently, Elsässer et al. [126] introduced an
improved local effect track structure model to accurately describe the biological ef-
fects of carbon ion beams in vivo and in vitro. On the other hand, it was shown by
Beuve [127] that a model strictly based on the local dose cannot reproduce all features
of cell survival curves for low LET irradiation. Fuquan and coworkers [128] could
show that a random breakage model can conveniently describe the length distribution
of short linear plasmid fragments at high LET only in the high dose regime.

It is the goal of this study, to quantify the "non-scaveng-able" part of plasmid
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DNA damage induced by 12C ions under spread-out Bragg peak conditions (high
LET radiation) or by 137Cs γ-photons (low LET radiation). The non-scavengable
DSB yield is due to direct effects and can thus be attributed e.g. to clustered lesions.

To this end, DNA damage is quantified as a function of scavenger concentration
up to levels where saturation of the damage is observed i.e., for doses of 300 Gy. The
dose dependency of the damage is then compared for an essentially scavenger-free
solution and for the high scavenger concentration where saturation is observed. The
experimentally observed plasmid damage is then analyzed using the same model as
Leloup and coworkers did [58].

5.2 Results

5.2.1 γ photon irradiation

Figure 5.1: Gel electrophoresis image of DNA after irradiation by γ photons at various doses
without mannitol. OC: Open circular, L: Linear, SC: Supercoiled, D: Digestion.

Figure 5.1 shows typical results from the gel electrophoresis analysis for 0-300
Gy plasmid irradiation by γ photons irradiation (low LET) without the presence of
radical scavengers. The digested sample (D) and the control sample (0) are included
for comparison. For the irradiated samples, the dose in Gy is given. It is obvious that
the supercoiled plasmids (SC) are completely lost already above 10 Gy. Above 60
Gy, the overall fluorescence is strongly decreasing.

Figure 5.2 displays a quantitative analysis of the data in fig. 5.1. The fraction of
supercoiled plasmid DNA decreases whereas the fraction of the linear (L) form for
double strand breaks (DSB) increases as a function of dose. The fraction of open
circular (OC, due to SSB) plasmids formed by single strand breaks shows a sharp
increase with dose until a maximum is reached at around 10 Gy. For higher doses,
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Figure 5.2: Relative yields of supercoiled (SC), open circular (OC) and linear (L) plasmid
DNA after gamma irradiation as a function of dose (without Mannitol). The solid lines are
the fits to the data using the model of Cowan et al. [103].

the SSB fraction decreases monotonically. Moreover, short linear DNA fragments
appear for doses exceeding 180 Gy. The overall decrease of the SC, OC and L signals
with dose in fig. 5.1 shows that at high dose short linear fragments are efficiently
formed which are not detectable on the gel. This is due to the statistically distributed
fragment sizes which result in a very broad, low intensity fluorescence signal. Further
more, these fragments will move more rapidly than full length linear strands and may
be lost due to migration out of the studied area of the gel. The fraction of the OC form
dramatically increases from 5% to over 90% and the fraction of the L form increases
up to 80% with the increasing dose in the absence of mannitol.

In a second experiment, with 600 mmol/l mannitol, the fractions OC and SC
forms are shown as a function of dose. The results are depicted in figure 5.3. The
radiation damage to the plasmids was also studied as a function of mannitol concen-
tration for a fixed dose. The quantitative results are displayed in figure 5.4. Compared
to the situation where no scavenger is present (Figure 5.2), the DNA damage yields
are very strongly reduced. No linear plasmids are observed at all for 600 mmol/l man-
nitol. This implies that efficient scavenging of ∙OH radicals completely suppresses
the formation of L to undetectable levels. The trend saturates above 200 mmol/l man-
nitol. Furthermore, also induction of OC is strongly reduced. At 300 Gy the fraction
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Figure 5.3: Relative yields of supercoiled (SC) and open circular (OC) plasmid DNA after
gamma irradiation as a function of dose (with 600 mmol/l of Mannitol). The lines are to
guide the eye.

Figure 5.4: Relative yields of supercoiled (SC), open circular (OC) and linear (L) DNA after
300 Gy gamma irradiation as a function of Mannitol concentration. The lines are to guide the
eye.
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of supercoiled plasmids still exceeds 80%. Previous studies showed that for dilute
aqueous solutions as studied here, almost 100% of the γ induced DNA damage is due
to indirect effects, i.e. mainly the action of ∙OH radicals [129, 130]. (Note, that for
the high scavenger concentration present in cellular systems, the indirect effect only
accounts for 60-70 % of the induced damage [131, 132].) The fact that our results
show incomplete suppression of the OC channel thus implies incomplete scavenging
at the 600 mmol/l mannitol (about 1 mannitol molecule per 100 water molecules).

5.2.2 12C irradiation (spread out Bragg peak)

Figure 5.5: Gel electrophoresis image of DNA irradiation by 12C ions at various doses in
the absence of mannitol. OC: Open circular, L: Linear, SC: Supercoiled, D: Digestion, * :
sample stored in refrigerator at 4 ∘C and without any irradiation.

The experiments of the plasmid DNA under C6+ irradiation are similar to the
ones mentioned in previous chapter. Only different is the maximum dose rate with 60
Gy/min. Figure 5.5 shows the gel electrophoresis images of DNA irradiated by 12C
ions at different doses in the absence of radical scavengers. Similar to the case of γ

rays, the fraction of supercoiled plasmids quickly drops and is virtually zero around
60 Gy. The OC fraction increases up to a dose of about 50 Gy and decreases again
for higher doses. The fraction of linear plasmids is monotonically increasing over the
whole dose range under study. The results of the quantitative analysis as made for
12C irradiations are shown in fig. 5.6.

In contrast to the photon results, a 600 mmol/l mannitol solution does not fully
suppress L formation (fig. 5.7) and also OC formation is suppressed to a lesser extent.
At 300 Gy, about 0.1 L and about 0.6 OC are observed (fig. 5.8), indicating the
relevance of direct effects. The scavenger effect saturates again above 200 mmol/l
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Figure 5.6: Relative yields of supercoiled (SC), open circular (OC) and linear (L) plasmid
DNA after 12C irradiation as a function of dose (without Mannitol). The solid lines are fit to
the data using the model of Cowan et al. [103].

Figure 5.7: Relative yields of supercoiled (SC), open circular (OC) and linear (L) plasmid
DNA after 12C irradiation as a function of dose (with 600 mmol/l of Mannitol). The solid
lines are the fits to the data using the model of Cowan et al. [103].
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Figure 5.8: Relative yields of supercoiled (SC), open circular (OC) and linear (L) DNA after
300 Gy 12C irradiation as a function of Mannitol concentration. The lines are to guide the
eye.

mannitol. It is the same observation for the case irradiation of plasmid DNA with
carbon beam in plateau region (chapter 4) and gamma rays.

The results observed for irradiation in the absence of a scavenger are counterin-
tuitive. Whereas for photon irradiation already at 180 Gy only linear or short linear
fragments are observed, 12C irradiation even at 300 Gy only leads to 50% linear
fragments and 50% of plasmids in the OC form. The apparent relatively weaker ef-
fect of the 12C ions is due to the inhomogeneous (spiked) dose distribution of heavy
ions [133, 134]. Due to the high LET, the energy deposition is localized in the small
volume of the relatively few tracks. A plasmid crossed by a 12C track thus suffers sub-
stantial damage that often involves multiple sites. On the other hand, a large fraction
of plasmids are not crossed by a track and remain intact.

5.3 Discussion and conclusion

In the following, the yields of SSB and DSB per plasmid per Gy from the experiment
data are intergrated from the fitting curves using the model by Cowan et al. [103] as
described in chapter 4.

Fitting the data for photon and carbon irradiation (see figs. 5.2 and 5.6) in the
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Table 5.1: SSB per plasmid per Gy (µ) and DSB per plasmid per Gy (φ ) yields after irradi-
ation with photons and C ions.

Yields(/plasmid/Gy) Photon irradiation Carbon irradiation

µ 0.46 ± 0.03 0.062 ± 0.008
φ 0.006 ± 0.002 0.0029 ± 0.0003

absence of mannitol by the model of Cowan et. al with those equations 4.1, 4.2 and
4.3 leads to µ and φ as shown in table 5.1. Clearly, photon irradiation is very efficient
in single strand break induction µ = 0.46/plasmid/Gy whereas for carbon ions at
Bragg peak energies, µ = 0.062/plasmid/Gy, i.e. almost one order of magnitude
less single strand breaks are induced. Despite this difference between both radiation
modalities, the values of φ differ by only a factor of 2.

In the presence of mannitol, DNA damage induced by high-LET radiation is more
serious than that by low-LET radiation. The results for γ rays at zero concentration
(fig. 5.2) show that DNA is very efficiently damaged since the SC form of DNA
disappears at the dose of about 10 Gy and the fraction of linear form DNA increases
with increasing dose. This is probably the result of the interaction between DNA
and free radical ∙OH. Our samples contain about 5.5×109 plasmids per 1020 water
molecules. We are thus dealing with a dilute solution where a plasmid on average
occupies 1 (µm)3. For typical ∙OH diffusion length of about 10 nm [133] in the
absence of scavengers, we can thus assume that each plasmid only interacts with
radicals in its direct neighborhood.

As is obvious from fig. 5.3, for high scavenger concentration the linear plasmid
fragments vanish in the dilute aqueous solution even for high dose, and the percentage
of OC plasmids decreases strongly (OC (10 Gy) = 0.9 at zero scavenger concentration
and OC (10 Gy) = 0.1 for 600 mmol/l Mannitol). This implies that the interaction
with free radicals is the main cause of DNA damage for low LET radiation. DSB
induction, i.e. formation of linear fragments is even completely quenched at high
mannitol concentrations.

In table 5.2, the values for µ and φ are tabulated for different concentrations of
scavenger for both γ and carbon irradiation. In case of γ irradiation with mannitol
concentration exceeding 250 mml/l, no L forms are observable. Thus, we do not fit
the equations to these data.

Comparing figures 5.2 and 5.6, it is found that in the absence of scavengers the
radiation damage leading to OC and L plasmids after irradiation by gamma photons
is higher than for irradiation with 12C ions. The maximum fraction of L plasmids
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achieved by high-LET at 60 Gy is about 10% which is 4 times smaller than in case of
low-LET radiation. For low LET gamma irradiation the dose is uniformly distributed
over the whole sample [135]. Under 12C ions radiation, the situation is different due
to the confined track structure of high-LET 12C ions [133]. The secondary electrons
and free radicals induced by 12C ions are localized near the tracks [74]. The concen-
trations of secondary electrons and free radicals reduce exponentially with the radial
distance from the path of the ions. Thus the probability of interaction between DNA
and ions reduces exponentially with the radial distance from the tracks and only DNA
close to the track structure can be damaged. For high-LET radiation, as shown in Fig-
ures 5.5 and 5.8, the interaction with DNA is a combined effect of direct damage and
the indirect effect due to free radicals [54,136,137] in contrast to the situation for low
LET irradiation. In the presence of a high concentration of scavengers, also for 12C
ions the radical action is almost totally suppressed. However, OC and L plasmids in-
duced by direct action still occur and increase with dose. The direct action accounts
for 15% because Lmax = 0.53 without scavenger and Lmax = 0.08 with 600 mmol/l
scavenger at 300 Gy.

To compare our data with existing results, we have converted the φ -values and µ-
values from tables 5.1 and 5.2 to a Gy−1Da−1 scale and the scavenger concentration
to a scavenging capacity. This way data obtained with different plasmids and differ-
ent scavengers can be directly compared (see fig. 5.9). Note that we estimated the
scavenging capacity at zero mannitol concentration as 2×105 s−1 due to remaining
buffer in the samples. It is obvious that for lower LET radiation (60Co γ-radiation and
137Cs γ-radiation, but also 26 MeV He ions and fission neutrons) single strand break
yields (µ) and double strand break yields (φ ) follow roughly the same linear depen-
dence on scavenging capacity, respectively. The dashed lines are drawn just to guide
the eye. As pointed our before this implies that in dilute aqueous solution almost all
damage induced by lower LET radiation can be scavenged.

For SOBP carbon ions, the damage dependence on scavenging capacity is com-
pletely different. φ and µ decrease with scavenging capacity only up till capacities
of about 108 s−1. Higher scavenging capacities leave the yields unaffected. The dot-
ted lines indicate the asymptote of both curves. Obviously the very high LET of the
SOBP carbon ions induces a large fraction of damage that cannot be scavenged (µ ≈
10−9 Gy−1Da−1 and φ ≈ 10−10 Gy−1Da−1). This clearly implies that the respective
damage is of direct nature and could e.g. be due to clustered DNA lesions induced by
single SOBP carbon ions.

In conclusion, plasmid DNA was irradiated by 12C ions and γ rays, either in pure
water or pure water with different scavenger concentrations, and analyzed by gel elec-
trophoresis. The results show that at low scavenging capacity DNA is substantially
damaged by both low- and high-LET radiations. In the presence of the scavenger
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mannitol, only for SOBP carbon ions a substantial yield of L plasmids remains and
increases with increasing dose. This yield is due to direct DNA damage, e.g. clustered
lesions. For low LET radiation, the L plasmids formation is found to be completely
due to radical action and can thus be efficiently suppressed by scavengers.

Figure 5.9: SSB and DSB yields induced by 60Co, 137Cs, helium nuclei, carbon, and fission
neutron irradiation. Comparison of DNA breakage yields measured by a: our data; b: Leloup
et al. [58]; c: Stankus et al. [124]. The lines are to guide the eye.



CHAPTER 6

Plasmid DNA irradiated by low energy ions

We present some results on the interaction of low energy atomic ions with DNA. The
experiments consist of irradiation of dried DNA in vacuum with H, He and C ions
at keV energies. The DNA is placed back in solution and analysed by agarose gel
electrophoresis. These experiments demonstrate the production of single and double
strand breaks. The induction of these lesions can be due to several processes: direct
collisions with DNA constituent atoms resulting in displacements, cascade recoil col-
lisions of the constituent atoms, electron transfer processes between the ion and the
DNA as well as breaks induced by molecular excitation and secondary electron in-
teractions. To understand the physical process during DNA strand breaks, a Monte
Carlo calculation code known as TRIM (Transport of Ions in Matter) was used to
simulate energy losses due to nuclear stopping and to electronic stopping. It can be
assumed that nuclear stopping plays a significant role in DNA strand breaks in the
case of C irradiation. The physical mechanisms of DNA strand breaks induced by
a low-energy ion beam are also discussed. We also briefly discuss some aspects of
direct and recoil collision processes.
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6.1 Low energy ion interactions

Interest in heavy ion cancer therapy has stimulated a large amount of work dealing
with the interaction of ions (e.g. C, Ne, etc) with plasmid DNA and cells (see e.g. [20,
138–144]. In the previous chapter, it has been shown that the direct effect dominates
DSB induction by swift C6+ ions in the Bragg peak region where the particle tracks
terminate. The effect of very low energy ions corresponding to this region or of
secondary ions produced along the track has only been subject of very few studies
[35, 145–149] in part because of the very short range of low energy ions in matter
[150]. There are however quite a few research reports about low-energy ion beams
interating with isolated building blocks of DNA, in particular nucleobases [151–154].
It is important to note that the characteristics of high and low energy heavy particle
collisions are likely to be quite different, because the dominant interaction processes
at high energies and low energies are also quite different [155, 156].

In dense media, energetic secondary ions produced along the primary ion track
will scatter inelastically over short distances, and may induce complex DNA damage
clusters that cannot be repaired by the cell [157].

In the present work we used keV (< 40 keV) H+ and He2+ ions. We also have
employed specifically carbon ions because of their relevance to heavy ion therapy
[158, 159] and the abundance of carbon in tissue and plasmid DNA. The irradiation
target chosen was plasmid DNA (pBR322), a supercoiled circular DNA molecule
comprising 4361 base pairs [160].

To conduct a series of experiments involving irradiation of dried plasmid DNA
by low energy ions, we used ions directly extracted from a Supernanogan ECR ion
source. The probability of inducing single (SSB) or double (DSB) strand breaks
in DNA was determined by gel electrophoresis (described in more detail in chapter
2). The experiments indeed show evidence of both SSBs and DSBs induced by low
keV energy ions in plasmid DNA. The full results of this experimental campaign are
described in the following sections.

6.2 Results

The effects of the low-energy ion impact on plasmid DNA are analysed by means of
gel electrophoresis (see chapter 2). The method allows to separate the supercoiled,
open cicular and linear forms of the plasmid. When a SSB is induced, the plasmid
converts from its nascent supercoiled form (SC) into the open circular form (OC).

The linear form (L) of plasmid DNA occurs as a result of a single DSB. There-
fore, the percentage of linear DNA in the samples can be taken as a measure of the
frequency of DSB occurrence. Two sequential SSB breaks may also lead to a DSB:
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Figure 6.1: Relative yields of supercoiled (SC), open circular (OC) and linear (L) plasmid
DNA after H irradiation as a function of fluence (ions/cm2) and dose for different energies of
H+. The lines are to guide the eye.

If the plasmid receives more than one SSB on opposite strands, it is usually still held
together by hydrogen bonds. Only very closely spaced SSBs typically within 10 bp
distance and on opposite strands result in a DSB [161, 162].

Our samples contain about 500 ng of DNA, i.e. about 1.1x1011 molecules. Plas-
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mid DNA pBR322 has 4361 base pairs and 8722 sites available for SSBs per mole-
cule. Thus for a small number of randomly induced SSBs it is unlikely that two of
them occur on opposite strands of the same plasmid within distances short enough to
produce a DSB. Therefore, this channel will be neglected in the following

The full sets of results on plasmid DNA breakage induced by H+, He2+, and
C+,2+,4+ ions at different kinetic energies are shown in figures 6.1–6.3. The results
are presented as function of ion fluence and dose. In order to convert particle fluence
to dose the following relationship was used [163]:

Dose(Gy) = 1.6×10−9×LET (keV/µm)×Fluence(ions/cm2)×1/ρ(g/cm3)(6.1)

where LET is the linear energy transfer, and ρ is the density of the target material
(usually 1 g/cm3 for biological samples). Using the SRIM programme (Stopping and
range of ions in matter see e.g. [72]), it is possible to calculate the LET of different
ions at different energies. The LETs of protons, helium and carbon ions with various
initial energies are given in table 6.1.

To obtain the data presented in figures 6.1–6.3, two factors had to be taken care
of: 1) The non-irradiated plasmid DNA reference samples which underwent the same
treatment as the irradiated samples already contain 4% to 6% of OC plasmids. 2) The
penetration depth of the ions into the plasmid thin film depends on the ion and on its
kinetic energy. DNA damage only occurs in that layer of the film, that is penetrated
by the ions. Consequently, a variable fraction of each sample remains unirradiated
and even for high dose, the SC fraction does not reach zero. For the figures we have
thus offset the SC fraction at high dose to zero (OC and L fractions were affected
accordingly). This subtraction process is to some extent arbitrary: DNA damage is
not the only possible process. Additionally, some DNA material may be sputtered
from the film leading to a dose-dependent erosion that prevents convergence of the
plasmid fractions.

In our experiments, the fluence rate of the ion beam was sufficiently low (about 2
nA/cm2) that consecutive ion-impacts on the same plasmid–site could be considered
independent.

It is obvious from fig. 6.1, that the damage of the plasmid DNA (OC and L)
after bombardment by low energy H+ ions increases as a function of the fluence
(ions/cm2) or dose (Gy). The trend is similar for all H+ energies under study (0.5,
6, and 20 keV): The OC fraction quickly rises until a maximum is reached from
which it monotonically decreases. Essentially the same trend has been observed in
the previous chapters: DSB or additional SSB can transfer OC plasmids into the L
form.

To reduce the fraction of intact plasmid DNA for instance to 20% fluences of
approximately 1014, 1013 and 5x1012 protons/cm2 are required for 0.5, 6 and 20 keV,
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respectively. However, at 0.5, 6 and 20 keV, 5×105, 1.9×105 and 1×105 protons are
required respectively, to deposit a dose of one Gy. Thus, when comparing the data of
0.5, 6 and 20 keV protons as a function of dose, one finds doses of the same order of
magnitude.

The same trends are observed for the 6-20 keV He2+ ions but lower fluences and
doses need to be applied (see fig. 6.2). At variance with the case of H+ ions, for 20
keV He2+ the OC fraction does not reach a local maximum anymore.

For C ions (fig. 6.3) again similar trends are observed. Here, only the 10 keV data
show an OC fraction that does not reach a local maximum. Furthermore, much lower
doses of less than 0.1×106 Gy are needed to induced complete plasmid breakage.

Error bars represent one standard deviation of 3 or 4 independent experiments.
The uncertainties in the fluence are less than 5%. The determination of dose relies
on calculated LET values which may induce a further uncertainty.

Table 6.1: LET calculation for H, He and C ions with different energies.

Ion Energy (keV) LET (keV/µm)

0.5 18.5
H 6 48.2

20 82.1

He

6 55
10 63.8
15 73.6
20 82.7

10 196
C 20 209

40 230

The most important direct observation is that we observe linear DNA implying
the creation of double strand breaks, thus demonstrating that low energy ions do
produce this type of strong (lethal) damage. For all three different ions, to a small
extent multiple double strand breaks occur with increasing dose which is manifest in
a broad band in the gel that is due to short linear fragments. It is difficult to estimate
the amount of these small fractions exactly. In the analysis we have not included data
for extremely high doses where short linear fragments start to play a more significant
role.
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Figure 6.2: Relative yields of supercoiled (SC), open circular (OC) and linear (L) plasmid
DNA after He2+ irradiation as a function of fluence (ions/cm2) and dose for different energies
of He. The lines are to guide the eye.
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Figure 6.3: Relative yields of supercoiled (SC), open circular (OC) and linear (L) plasmid
DNA after Cq+ irradiation as a function of fluence (ions/cm2) and dose. Top: C+, middle:
C2+, and bottom: C4+. The lines are to guide the eye.
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6.3 Discussion

Using the same fitting scheme that has been applied to the data in the previous chap-
ters, we can again obtain the SSB yields µ and DSB yields φ per plasmid per Gy.
The results for the three ions under study are shown in table 6.2. Note, that the fits
do not reach the same quality as obtained in the previous chapters. However, the
procedure still is an efficient way of transferring the information from figs. 6.1–6.3
into easily comparable numbers. Even though the µ and φ values are normalized to

Table 6.2: SSB per plasmid per Gy (µ) and DSB per plasmid per Gy (φ ) yields after irradi-
ation with H, He, and C ions at different kinetic energy.

Ion Energy (keV) µ (/plasmid/Gy) ×10−6 φ (/plasmid/Gy) ×10−6

0.5 0.7 ± 0.4 0.05 ± 0.04
H 6 0.6 ± 1.1 0.2 ± 0.1

20 4.3 ± 4.6 0.4 ± 0.2

He

6 1.6 ± 2.4 0.97 ± 0.79
10 1.6 ± 3.5 1.35 ± 0.94
15 4.3 ± 3.7 1.4 ± 0.8
20 10.2 ± 3.6 2.3 ± 1.2

10 35.2 ± 16.1 11.8 ± 4.8
C 20 307 ± 22 157 ± 94

40 109 ± 81 47 ± 20

a /plasmid/Gy scale, large differences between the three ions are obvious. For H+

and He2+, both µ and φ increase with ion kinetic energy. For C+, the damage is
maximum at 20 keV. Furthermore, abolute values for µ and φ differ dramatically for
the three ions under study.

The increase in damage with ion kinetic energy observed for H+ and He2+ is in
line with the trend in LET (see table 6.1). However the LET values for 6 - 20 keV
hydrogen and helium ions are very similar so the LETs alone do not explain why
helium ions are much more efficient in creating strand breaks than protons.

Carbon ions have a higher LET than hydrogen and helium ions and indeed pro-
duce more strand breaks. On basis of the LET values for 10 - 40 keV carbons (table
6.1) one expects no large differences between 10, 20 and 40 keV energy. But clear
differences between 10 and 20 and 40 keV are observed.

At present there is no accurate description of the damage mechanism at low
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(a) (b)

(c)

Figure 6.4: Energy deposition of (a) 0.5-keV, (b) 6-keV, and (c) 20-keV Hydrogen ions
implanted into plasmid DNA calculated by the TRIM programme.
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(a) (b)

(c) (d)

Figure 6.5: Energy deposition of (a) 6-keV, (b) 10-keV, (c) 15-keV and (d) 20-keV Helium
ions implanted into plasmid DNA calculated by the TRIM programme.
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(a) (b)

(c)

Figure 6.6: Energy deposition of (a) 10-keV, (b) 20-keV, and (c) 40-keV Carbon ions im-
planted into plasmid DNA calculated by the TRIM programme.
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energy. In principle many processes may contribute such as ionization of plasmid
constituents due to neutralization of the incoming ion or due to ion interaction with
target valence electrons, direct dissociation of plasmids via dissociative states and
knock out of atoms in direct impact or recoil cascades, the action of secondary elec-
trons emitted along the ion trajectory or the much slower action of radicals produced
in the film.

It has been suggested that the initial physical mechanisms in the energy loss pro-
cess of low-energy heavy ions may be different from that of conventional ion irradia-
tion where ionization and excitation play the most important role in producing DNA
molecular lesions [59]. In the case of slow keV ions, the energy loss due to nuclear
stopping can become more important than electron stopping. Particularly for heavy
ions and lowest energies, it even dominates. This is due to an increasing cross section
for binary atomic collisions with decreasing particle energy and due to increasing in-
teraction times between ions and target atoms or molecules [164]. Thus low-energy
ions can much more efficiently cause displacement of target atoms and the displaced
atoms in turn may also displace other atoms [157]. This process may result in a
collision cascade, leading to further local multiple damages, including bond breaks,
molecular dissociation and fragment production [150, 165, 166].

In order to get an idea about the relevance of the direct atomic interactions we per-
formed ion scattering simulations using the TRIM software package. The ’Transport
of Ions in Matter’ code [72] is a Monte Carlo approach to simulate the trajectories of
ions penetrating into solids. Along the complete trajectory, TRIM keeps track of the
energy transferred to electrons (electronic stopping) and atoms (nuclear stopping) of
the target system. When a target atom receives sufficient recoil energy that its binding
energy is overcome, the subsequent collision cascade is followed as well.

In TRIM, the target material is assumed to be amorphous. For plasmid DNA
(pBR322), the number of adenine bases is 983, the number of guanine is 1134, the
number of cytosine is 1210, and the number of thymine is 1034. It can be calculated
that the average atom percentages are: 10.46% for N, 39.87% for H, 27.23% for C,
19.46% for O and 2.8% for P. The density is 1.46 g/cm3 [167]. With these parame-
ters, the depth distribution for energy loss due to electronic stopping and that due to
nuclear stopping per nm are displayed in Fig. 6.4, 6.5 and 6.6 for the cases of H, He
and C with different energy, respectively.

The shapes of the total energy loss curves are similar for all projectiles. However,
the contributions of electronic and nuclear stopping are distinctively different for H,
He, and C projectiles. For protons the energy loss is completely dominated by elec-
tronic energy loss. The nuclear stopping is on the order of 2 eV/nm, only. For He2+

ions the nuclear stopping amounts to approximately 5 – 8 eV/nm which is on the
order of 10% of the total LET. For C ions nuclear stopping of up to 50 eV/nm is ob-
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served, which is a substantial fraction (∼ 30%) of the total energy loss. Here, nuclear
stopping even dominates at the end of the ion trajectories.

The observed increased damage when going from H to He and from He to C is
in line with the trends in nuclear energy loss as calculated using the TRIM code.
Nuclear stopping describes direct energy transfer to target atoms.

If this energy exceeds atom binding energies, the atom is kicked out of the plas-
mid DNA molecule. This may be the starting point of a strand break. We therefore
calculated the number of atomic displacements (vacancies) as a rough estimate for
induced direct damage due to nuclear stopping.

It should be noted in this context that multiple damage could occur extending over
a region of several tens of base pairs. Although this is an oversimplified approach to
this complex problem, it is clear that important and fairly localized damage can occur
by elastic energy transfer and recoils. A single strand break in the DNA can thus
occur by, e.g. knocking a phosphorous atom out of the backbone. A double strand
break can occur due to a successive collision of the incoming ion with atoms in the
two strands or alternatively the second strand might be broken by recoiling atoms.

The result of the number of vacancies due to primary atomic displacements pro-
duced by different ions with various energy are shown in the figures 6.7, 6.8 and 6.9.
For all ions under study, the vacany yield increases until it reaches a maximum at a
certain depth before it decreases to zero at the end of the trajectories. The integrals
of the vacancies produced for the ions and kinetic energies under study are compiled
in the table 6.3. Results are given on a per ion and a per Gy basis. Vacancy yields
between 2 and 10 per H+ ion for kinetic energies between 0.5 keV and 20 keV are
observed respectively. For He2+ between 6 keV and 20 keV, vacancy yields increase
from 42 to 74 per ion. Due to their higher mass, He ions are more efficient in vacancy
production. For Cq+ ions, vacancy yields exceeding 100 per ion are observed, again
increasing with kinetic energy. However, when looking at the results normalized to
a per Gy basis, only a very weak dependence on the ion kinetic energy is left. Then,
for protons of the order of 106 vacancies are induced per Gy whereas for He2+ about
8×106 vacancies are induced. For C ions, no further increase is observed!

This implies that the knock out of atoms alone, at least in the relatively crude
model of an amorphous target, cannot explain the observed data alone. Comparing
tables 6.3 and 6.2, we can recognize the strong increase in double strand breaks when
going from H+ to He2+. Vacancy production alone does not explain the strong in-
crease in damage observed for C ions.

An explanation for this increase in damage could be the LET of C ions (see ta-
ble 6.1) that is about 3 times larger as compared to He. Higher LET either implies
denser events along each ion trajectory or more energetic secondary particles if num-
ber of events remains similar. In the first case, this could lead for instance to induction
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(a) (b)

(c)

Figure 6.7: Number of vacancies per nm created by incident H ions.
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(a) (b)

(c) (d)

Figure 6.8: Number of vacancies per nm created by incident He ions.
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(a) (b)

(c)

Figure 6.9: Number of vacancies per nm created by incident C ions.
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Table 6.3: Vacancies created in the thin film of plasmid DNA by ions beam

Ion Energy (keV) Vacancies/ion 106 Vacancies/Gy

0.5 2 1
H 6 8 1.5

20 10 1.1

He

6 42 7
10 55 8
15 65 8.1
20 74 8.2

10 110 5.2
C 20 179 7.8

40 270 10.8

of several adjacent SSB that lead to a DSB. In the second case, energetic recoil ions
would potentially knock out neighboring atoms leading to additional DNA damage
(secondary vacancies were not calculated here with the TRIM code).

6.4 Conclusion

In this chapter it is shown that keV ions can efficiently induce SSB and DSB in
plasmid DNA thin films. Even though for a given ion kinetic energy, H+ and He2+

ions have similar LETs, at identical dose about 5 times more DSBs are induced by
He2+ ions. This finding hints at a strong contribution of nuclear stopping, since
simulations showed that He2+ ions are about 5 times more efficient in direct atom
knock out from the sample. For Cq+ ions on the other hand, simulations predict very
similar rates of vacancy production as compared to He2+. However, DSB induction
is found to increase by 1–2 orders of magnitude. We tentatively attribute this effect to
the higher LET which could lead to increased complexity of local damage and higher
DSB yields. Also, for Cq+ ions, energetic recoils could induced further damage.

Thin film production, controlled irradiation and collection and analysis of the
irradiated sample can be performed in a reproducible fashion. For the future, sys-
tematic studies on the influence of charge state and kinetic energy would certainly
allow a deeper understanding on the damage process and in particular the interplay
of electronic and nuclear stopping.





CHAPTER 7

Summary

This thesis aims at a better understanding of heavy ion induced biological damage
on the molecular level, with DNA being the cellular component most relevant for
radiation induced cell-killing, plasmids (see fig. 7.1) were chosen as ideal objects for
this endeavor.

Figure 7.1: Typical AFM images (3×3 µm2) of supercoiled ΦX174 plasmid DNA irradiated
with 250 Gy: X-rays (left panel) and 3.5 MeV/u Ni ions (right panel). Molecules in different
conformations are indicated with arrows: supercoiled, A; relaxed, B; linear, C [54].

In the course of this thesis, heavy ion irradiations at MeV energies have been per-
formed using the AGOR cyclotron (Accélérateur Groningen-ORsay) whereas for keV
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energies on electron cyclotron resonance ion source was employed. Complementary
studies on 137Cs active on plasmids were performed at the University Medical Center
Groningen (UMCG). The pBR322 plasmid DNA was used which is suitable for irra-
diation experiments because of its well defined size and relatively easy preparation
in milligram quantities at high purity. As observables for DNA damage, single strand
breaks (SSBs) and double strand breaks (DSBs) were chose, whose yields can be
conveniently quantified by means of gel electrophoresis. Fig. 7.1 displays an atomic
force microscopy image of the different plasmid configurations (intact–super coiled,
SSB–circular, DSB–linear).

Figure 7.2: Depth-dose distribution of modulated (circles) 90 MeV/u 12C beam, featuring
the spread-out Bragg peak (SOBP). Lines are drawn to guide the eye. The two arrows indicate
the sample location for irradiation at the plateau of the Bragg curve (40 ± 5 keV/µm) and at
the SOBP (189 ± 15 keV/µm).

First series of experiment were carried out for C kinetic energies corresponding
to two different regions of the Bragg curve, either in the entrance (plateau) location
or in the Spread Out Bragg Peak–SOBP (fig. 7.2). SSB and DSB yields per plasmid
per dose were found to be lower in the SOBP than in the plateau region. In view
of the fact, that in biological systems, for cell killing the RBE of C ions is usually
found to be higher in the SOBP than in the plateau region, we conclude that C ion
at SOBP energies induce DSBs that are qualitatively different from those induced in
the plateau region. Clustered strand breaks as recently identified for the first time
by Psonka et al. [54] are a likely explanation for this quality-difference. Moreover,
we could also determine the amount of non-scavengable plasmid damage at high
scavenging capacities from our data. Surprisingly not only DSB but also a sizable
fraction of SSB are due to direct effects.
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Chapter 5 presents a comparative study of heavy ion and γ-photon induced dam-
age to plasmid DNA. Plasmid DNA was irradiated by 12C ions and γ rays, either in
pure water or pure water with different scavenger concentrations, and analyzed by gel
electrophoresis. At low scavenging capacity DNA is substantially damaged by both
low- and high-LET radiations. In the presence of the scavenger mannitol mimicking
cellular conditions, only for SOBP carbon ions a substantial yield of linear–L plas-
mids remains that increases with increasing dose. This yield is due to direct DNA
damage, e.g. clustered lesions. For low LET radiation, the L plasmids formation is
found to be completely due to radical action and can thus be efficiently suppressed
by scavengers.

In chapter 6 it is shown that keV ions can efficiently induced SSB and DSB in
plasmid DNA thin films. Even though for a given ion kinetic energy, H+ and He2+

ions have similar LETs, at identical dose about 5 times more DSBs are induced by
He2+ ions. This finding hints at a strong contribution of nuclear stopping, since
simulations showed that He2+ ions are about 5 times more efficient in direct atom
knock out from the sample. For Cq+ ions on the other hand, simulations predict very
similar rates of vacancy production as compared to He2+. However, DSB induction
is found to increase by 1–2 orders of magnitude. We tentatively attribute this effect to
the higher LET which could lead to increase complexity of local damage and higher
DSB yields. Also, for Cq+ ions, energetic recoils could induced further damage.

Thin film production, controlled irradiation, collection and analysis of the irradi-
ated sample can be performed in a reproducible fashion. For the future, systematic
studies on the influence of charge state and kinetic energy would certainly allow a
deeper understanding on the damage process and in particular the interplay of elec-
tronic and nuclear stopping.

This thesis has not only resulted in a deeper insight into the molecular mecha-
nisms underlying heavy ion therapy, it has also opened up new questions.

∙ Here, we investigated the response of plasmid DNA upon heavy ion impact.
This simplified model helps understanding the first steps of DNA damage.
However, to have a link to the real biological environment, experiments in vitro
and in vivo are required to study for instance the influence of repair mechanism.

∙ Experiments at few keV or sub-keV ion kinetic energies could allow investiga-
tion of the role of nuclear stopping in more detail.

∙ Atomic Force Microscope (AFM) analysis of irradiated plasmids in order to
analyze the fraction of short linear fragments due to multiple double strand
break or clustered damage for more complete quantification of the damage.

∙ It is thought that the introduction of heavy atoms into a tumor prior to irradia-
tion changes the resulting damage due to significant increases in the induction
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of clustered lesions. To look closer into this issue, high atomic number (Z)
materials such as gold or titanium could be added to the plasmid solvent.



Atomic units and conversion factors

The length is the classical Bohr radius a0 of the ground state electron, the velocity
αc is the classical velocity of the electron in the ground state of hydrogen, and the
time is the ratio of the length and velocity. The charge in atomic units is the charge
of the electron, the mass is the mass of the electron and the energy is the sum of the
kinetic and the potential energy of the hydrogen 1s electron, 2×13.6 eV. Equivalent
dose is a measure of radiation dosage to tissue. An overview of the most important
quantities is given in the following table 1.

Table 1: Atomic units

length a0 5.292×10−11 m

time a0/αc 2.419×10−17 s

velocity αc 2.188×106 m/s

mass me 9.109×10−31 kg

charge e 1.602×10−19 C

energy me(αc)2 4.359×10−18 J

angular momentum h̄ 1.054×10−34 J s
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Some conversion factors of interest are given in table 2 in the backside of this
page.

Table 2: Conversion factors

1 amu 1.660×10−27 kg

1822.888 me

1 a.u. 27.2116 eV

energy 627.5095 kcal/mol

1 Gy 1 J/kg



Abbreviations

DNA Deoxyribonucleic Acid
SC Super coiled
OC Open circular
L Linear
DSB Double Strand Break
SSB Single Strand Break
ECRIS Electron cyclotron resonance ion source
KVI Kernfysisch Versneller Instituut
RF Radio Frequency
SOBP Spread Out Bragg Peak
AGOR Accelerateur Groningen-ORsay
LET Linear Energy Transfer
RBE Relative Biological Effectiveness
SRIM Stopping and Range of Ions in Matter
TRIM Transport of Ions in Matter
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G. Taucher-Scholz, Adv. Space Res. 39, 1043 (2007).

[55] H. Nikjoo, S. Uehara, W. E. Wilson, M. Hoshi, and D. T. Goodhead, Int. J.
Radiat. Biol. 73, 355 (1998).

[56] J. Meesungnoen and J. P. Jay-Gerin, Radiat. Res. 171, 379 (2009).

[57] S. Brons, G. Taucher-Scholz, M. Scholz, and G. Kraft, Radiat. Environ. Bio-
phys. 42, 63 (2003).

[58] C. Leloup, G. Garty, G. Assaf, A. Cristovao, A. Breskin, R. Chechik,
S. Shchemelinin, T. Paz-Elizur, Z. Livneh, R. W. Schulte, V. Bashkirov, J. R.
Milligan, and B. Grosswendt, Int. J. Radiat. Biol. 81, 41 (2005).

[59] E. L. Alpen, Radiation Biophysics, Academic Press, California, 2 edition,
1998.

[60] I. Spadinger and B. Palcic, Int. J. Radiat. Biol. 61, 345 (1992).

[61] M. Suzuki, M. Wantanabe, T. Kanai, and Y. Kase, Adv. Space Res. 18, 127
(1996).

[62] M. Suzuki, Y. Kase, T. Kanai, and K. Ando, Int. J. Radiat. Oncol. Biol. Phys.
48, 251 (2000).

[63] L. D. Skarsgar, B. A. Kihlman, L. Parker, C. M. Punjara, and S. Richards,
Radiat. Res. S, 208 (1967).

[64] T. K. Hei, K. Komatsu, E. J. Hall, and M. Zaider, Carcinogenesis 9, 747
(1988).

[65] R. Cox and W. K. Masson, Int. J. Radiat. Biol. 36, 149 (1979).

[66] M. Aoki, Y. Furusawa, and T. Yamada, J. Radiat. Res. 41, 163 (2000).

[67] R. Cox, J. Thacker, D. T. Goodhead, and R. J. Munson, Nature 267, 425
(1977).



BIBLIOGRAPHY 105

[68] D. J. Chen, K. Tsuboi, T. Nguyen, and T. C. Yang, Adv. Space. Res. 14, 347
(1994).

[69] E. L. Alpen, P. P. Powers-Risius, S. B. Curtis, and R. Deguzman, Radiat. Res.
136, 382 (1993).

[70] E. L. Alpen, P. Powers-Risius, S. B. Curtis, R. Deguzman, and R. J. M. Fry,
Adv. Space. Res. 14, 573 (1994).

[71] W. R. Leo, Techniques for Nuclear and Particle Physics Experiments,
Springer-Verlag, Germany, 2 edition, 1961.

[72] J. F. Ziegler, J. P. Biersack, and U. Littmark, The Stopping and Ranges of Ions
in Matter, SRIM Co., Maryland, 5 edition, 2008.

[73] H. Nikjoo, P. O’Neill, M. Terrissol, and D. T. Goodhead, Radiat. Environ.
Biophys. 38, 31 (1999).

[74] J. A. LaVerne, Radiat. Res. 153, 487 (2000).

[75] M. S. Kreipl, W. Friedland, and H. G. Paretzke, Radiat. Environ. Biophys. 48,
349 (2009).

[76] S. Lehnert, Biomolecular Action of Ionizing Radiation, Taylor and Francis,
New York, 2008.

[77] C. von Sonntag, Free-Radical-Induced DNA Damage and Its Repair, Springer-
Verlag, Berlin, 2006.

[78] For more information look at http://www.tetonnm.com/pics/IndependentSamplePages/1-
893441-42-3.pdf .

[79] S. M. Pimblott and A. Mozumder, in Charged Particle and Photon Interactions
with Matter, edited by A. Mozurnder and Y. Hatano, Marcel Dekker, New
York, 2004.

[80] Z. D. Draganic and I. G. Draganic, J. Phys. Chem. 73, 2571 (1969).

[81] A. O. Allen, The Radiation Chemistry of Water and Aqueous Solutions, Van
Nostrand, New York, 1961.

[82] D. Swiatla-Wojcik and G. V. Buxton, J. Chem. Soc. , Faraday Trans. 94, 2135
(1998).

[83] J. Meesungnoen and J. P. Jay-Gerin, J. Phys. Chem. A 109, 6406 (2005).



106 BIBLIOGRAPHY

[84] M. S. Kreipl, W. Friedland, and H. G. Paretzke, Radiat. Environ. Biophys. 48,
11 (2009).

[85] G. Graziano, J. Chem. Soc. , Faraday Trans. 94, 3345 (1998).

[86] R. Laenen, T. Roth, and A. Lauberau, Phys. Rev. Lett. 85, 50 (2000).

[87] S. M. Pimblott and J. A. LaVerne, J. Phys. Chem. A 102, 2967 (1998).

[88] B. Pastina, J. A. LaVerne, and S. M. Pimblott, J. Phys. Chem. A 103, 5841
(1999).

[89] F. Ballarini, M. Biaggi, M. Merzagora, A. Ottolenghi, M. Dingfelder,
W. Friedland, P. Jacob, and H. G. Paretzke, Radiat. Environ. Biophys. 39,
179 (2000).

[90] Y. Frongillo, T. Goulet, M. J. Fraser, V. Cobut, J. P. Patau, and J. P. Jay-Gerin,
Radiat. Phys. Chem. 51, 245 (1998).

[91] G. V. Buxton, C. L. Greenstock, W. P. Helman, and A. B. Ross, J. Phys. Chem.
Ref. Data 17, 513 (1988).

[92] H. Tsujii, J. Mizoe, T. Kamada, M. Baba, H. Tsuji, H. Kato, S. Kato, S. Ya-
mada, S. Yasuda, T. Ohno, T. Yanagi, R. Imai, K. Kage, H. Kato, R. Hara,
A. Hasegawa, M. Nakajima, N. Sugane, N. Tamaki, R. Takagi, S. Kandatsu,
K. Yoshikawa, R. Kishimoto, and T. Miyamoto, J. Radiat. Res. 48, A1 (2007).

[93] J. T. Leith, B. S. Lewinsky, K. H. Woodruff, W. A. Schilling, and J. T. Lyman,
Cancer 35, 1692 (1975).

[94] A. Staab, D. Zukowski, S. Walenta, M. Scholz, and W. Mueller-Klieser, Radiat.
Res. 161, 219 (2004).

[95] J. F. Ziegler, Appl. Phys. Rev. 85, 1249 (1999).

[96] J. de Vries, R. Hoekstra, R. Morgenstern, and T. Schlatholter, Phys. Rev. Lett.
91 (2003).

[97] Z. Deng, I. Bald, E. Illenberger, and M. A. Huels, Phys. Rev. Lett. 96, 243203
(2006).

[98] L. Sellami, S. Lacombe, D. Hunting, R. J. Wagner, and M. A. Huels, Rev. Sc.
Inst. 78 (2007).



BIBLIOGRAPHY 107

[99] K. Psonka-Antonczyk, T. Elsasser, E. Gudowska-Nowak, and G. Taucher-
Scholz, Radiat. Res. 172, 288 (2009).

[100] N. Matsufuji, A. Fukumura, M. Komori, T. Kanai, and T. Kohno, Phys. Med.
Biol. 48, 1605 (2003).

[101] E. Haettner, H. Iwase, , and D. Schardt, Rad. Prot. Dos. 122, 485 (2006).

[102] K. Gunzert-Marx, H. Iwase, D. Schardt, and R. S. Simon, New J. Phys. 10
(2008).

[103] R. Cowan, C. M. Collis, and G. W. Grigg, J. Theor. Biol. 127, 229 (1987).

[104] H. M. Dang, M. J. van Goethem, E. R. van der Graaf, S. Brandenburg,
R. Hoekstra, and T. Schlathölter, Eu. Phys. J. D 60, 51 (2010).

[105] J. A. Nelder and R. Mead, Comput. J. 7, 308 (1965).

[106] D. Marquardt, SIAM. J. Appl. Math. 11, 431 (1963).

[107] N. Usami, K. Kobayashi, Y. Furusawa, H. Frohlich, S. Lacombe, and C. L.
Sech, Int. J. Radiat. Biol. 83, 569 (2007).

[108] N. Usami, Y. Furusawa, K. Kobayashi, S. Lacombe, A. Reynaud-Angelin,
E. Sage, T. D. Wu, A. Croisy, J. L. Guerquin-Kern, and C. L. Sech, Int. J.
Radiat. Biol. 84, 603 (2008).

[109] N. Usami, K. Kobayashi, R. Hirayama, Y. Furusawa, E. Porcel, S. Lacombe,
and C. L. Sech, J. Radiat. Res. 51, 21 (2010).

[110] E. R. Blazek and M. J. Peak, Int. J. Radiat. Biol. 53, 237 (1988).

[111] U. Klimczak, D. C. Ludwig, F. Mark, P. Rettberg, and D. Schultefrohlinde,
Int. J. Radiat. Biol. 64, 497 (1993).

[112] V. Wasselin-Trupin, G. Baldacchino, S. Bouffard, and B. Hickel, Radiat. Phys.
Chem. 65, 53 (2002).

[113] G. D. D. Jones, J. R. Milligan, J. F. Ward, P. M. Calabrojones, and J. A. Aguil-
era, Radiat. Res. 136, 190 (1993).

[114] C. P. Karger, P. Peschke, R. Sanchez-Brandelik, M. Scholz, and J. Debus, Int.
J. Radiat. Oncol. Biol. Phys. 66, 1488 (2006).
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Samenvatting

Dit proefschrift heeft als doelstelling een beter begrip te verschaffen van door zware
ionen geı̈nduceerde biologische schade op moleculaire schaal. Aangezien DNA de
belangrijkste celcomponent is die schade ondergaat bij bestraling, zijn plasmiden
gekozen als onderzoeksobject.

Figure 3: Typische AFM-afbeeldingen (3×3 µm2) van supercoiled ΦX174 plasmide DNA,
bestraald met 250 Gy Röntgenstraling (linker afbeelding) en 3,5 MeV/u Ni ionen (rechter
afbeelding). Moleculen met verschillende configuraties zijn met pijlen aangegeven: super-
coiled, A; gerelaxeerd, B; lineair, C [54].

In dit werk zijn bestralingen met zware ionen van MeV-energieën uitgevoerd met
het AGOR cyclotron (Accélérateur Groningen-ORsay). Voor keV-energieën is de
Electron Cyclotron Resonance Ion Source (ECRIS) gebruikt. Bestralingen van plas-
miden met 137Cs-ionen zijn uitgevoerd op het Universitair Medisch Centrum Gronin-
gen (UMCG). Het pBR322 plasmide DNA werd bij de bestralingsexperimenten ge-
bruikt vanwege de goed gedefinieerde grootte en de mogelijkheid tot eenvoudige

111



112 Samenvatting

bereiding in milligram-hoeveelheden van hoge zuiverheid. Enkelvoudige streng breuken
(ESB’s) en dubbele strengbreuken (DSB’s) zijn gekozen als indicatoren voor DNA-
schade. Deze breuken kunnen gemakkelijk gekwantificeerd worden door middel van
gel-electroforese. Fig. 3 geeft een Atomic Force Microscopy (AFM) afbeelding weer
van verschillende plasmide configuraties (intact-super coiled, ESB-circulair, DSB-
lineair).

Figure 4: Diepte-dosis distributie van een gemoduleerde 90 MeV/u 12-bundel, met de uitge-
spreide Bragg-piek (spread-out Bragg peak, SOBP). De verbindingslijn is voor visuele inter-
pretatie weergegeven. De twee pijlen bij het plateau van de Bragg-curve (40 ± 5 keV/µm) en
bij het SOBP (189 ± 15 keV/µm) geven de locaties van het specimen aan.

De eerste serie experimenten met C-ionen zijn uitgevoerd met kinetische en-
ergieën corresponderende met twee verschillende regio’s op de Bragg-curve, namelijk
de entree (plateau) locatie en de SOBP-locatie (fig. 4). ESB en DSB formatie per
plasmide per dosiseenheid bleek lager te zijn in de SOBP-regio dan in de plateaure-
gio. Aangezien in biologische systemen bij celdood de RBE van C-ionen gewoonlijk
hoger is in de SOBP-regio dan in de plateau regio, concluderen we dat C-ionen in de
SOBP-regio DSB’s veroorzaken die kwalitatief verschillend zijn van die in de plateau
regio. Geclusterde strengbreuken, recentelijk voor de eerste keer geı̈dentificeerd door
Psonka et al. [54], geven een waarschijnlijke verklaring voor dit kwalitatieve ver-
schil. We konden verder ook de mate van niet-"scavengable" plasmideschade op hoge
"scavenging" capaciteit bepalen uit onze data. Verrassenderwijs worden niet alleen
DSB’s, maar ook een aanzienlijke fractie ESB’s veroorzaakt door directe effecten.

In hoofdstuk 4 wordt een vergelijkende studie gemaakt van door zware ionen en γ-
fotonen geı̈nduceerde schade aan plasmide DNA. Plasmide DNA werd bestraald met
12-ionen en γ-straling in zowel zuiver water als in water met verschillende "scavenger"
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concentraties, en geanalyseerd met gel-electroforese. Bij lage "scavenging" capaciteit
werd het DNA aanzienlijk beschadigd door zowel lage als hoge LET-bestralingen. In
de aanwezigheid van de "scavenger" mannitol, die cellulaire condities nabootst, blijft
alleen voor SOBP koolstofionen een aanzienlijke breukformatie over, die verhoogt
bij toenemende stralingsdosis. Dit rendement wordt veroorzaakt door directe DNA-
schade, bijvoorbeeld geclusterde laesies. Bij lage LET-bestraling blijkt de L-plasmide
formatie geheel te kunnen worden toegeschreven aan de radicaal actie en kan dus
efficiộnt worden onderdrukt door "scavengers".

In hoofdstuk 6 wordt aangetoond dat keV-ionen efficiënt ESB’s en DSB’s kunnen
induceren in dunne films van plasmide DNA. Hoewel H+- en He2+-ionen vergelijk-
bare LET’s hebben bij een bepaalde kinetische energie, worden bij identieke dosis
ongeveer 5 maal meer DSB’s geı̈nduceerd door He2+-ionen. Deze bevinding wi-
jst op een sterke bijdrage van kerninteracties, aangezien simulaties aantoonden dat
He2+-ionen ongeveer 5 maal efficiënter zijn in directe atoom "knock-out" uit het
specimen. Aan de andere kant voorspellen simulaties zeer vergelijkbare snelheden
van atoom "knock-out" voor Cq+-ionen, vergeleken met He2+-ionen. Echter, DSB-
formatie bleek te worden verhoogd met 1 tot 2 ordes van grootte. Voorlopig schrijven
we dit effect toe aan de hogere LET, hetgeen kan leiden tot een verhoging van de
complexiteit van lokale schade en hogere DSB-formaties. Voor Cq+-ionen zouden
energetische terugkaats-botsingen verdere schade kunnen toebrengen.

Dunne film productie, gecontroleerde bestraling en collectie, en analyse van het
bestraalde specimen kan worden uitgevoerd op een reproduceerbare wijze. Voor de
toekomst zouden systematische studies van de invloed van de ladingstoestand en de
kinetische energie een dieper inzicht kunnen verschaffen van het beschadigingsproces
en, in het bijzonder, de wisselwerking tussen elektronische en kerninteracties in de
absorptie van straling.

Dit proefschrift heeft niet alleen geresulteerd in een dieper inzicht in de molec-
ulaire mechanismen ten grondslag van zware-iontherapie, maar heeft ook nieuwe
vragen opgeworpen:

∙ In dit werk hebben we de respons van plasmide DNA op bestralingen met zware
ionen onderzocht. Met dit vereenvoudigde model kunnen de eerste stadia in het
proces van DNA-schade worden begrepen. Echter, om een link te leggen naar
de echte biologische wereld, zijn in-vitro en in-vivo experimenten benodigd om
bijvoorbeeld de invloed van het herstel-mechanisme van DNA te bestuderen.

∙ Experimenten met enkele keV of sub-keV kinetische energieën van de ionen
zouden een meer gedetailleerde studie van de rol van kernabsorptie in staat
stellen.

∙ Met Atomic Force Microscopie (AFM) analyse van de fractie van korte lineaire
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fragmenten door veelvoudige dubbele streng-breuken of geclusterde schade in
bestraalde plasmiden, zou een vollediger kwantificering van de schade kunnen
worden verkregen.

∙ Het wordt aangenomen dat door de introductie van zware atomen in een tumor
voordat bestraling plaatsvindt, de mate van schade wordt gewijzigd wegens
een significante verhoging van het aantal geclusterde laesies. Om dit nader te
bestuderen, zouden materialen met een hoog atoomnummer (Z), zoals goud of
titanium, kunnen worden toegevoegd aan de plasmide-oplossing.
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