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Abstract 

Ionizing radiation is used in cancer radiation therapy to effectively damage 

the DNA of tumors leading to cell death and reduction of the tumor tissue. The main 

damage is due to generation of highly reactive secondary species such as low-energy 

electrons (LEE) with the most probable energy around 10 eV through ionization of 

water molecules in the cells. A simulation of the dose distribution in the patient is 

required to optimize the irradiation modality in cancer radiation therapy, which must 

be based on the fundamental physical processes of high-energy radiation with the 

tissue. In the present work the accurate quantification of DNA radiation damage in 

the form of absolute cross sections for LEE-induced DNA strand breaks (SBs) between 

5 and 20 eV is done by using the DNA origami technique. This method is based on 

the analysis of well-defined DNA target sequences attached to DNA origami triangles 

with atomic force microscopy (AFM) on the single molecule level. The present work 

focuses on poly-adenine sequences (5'-d(A4), 5'-d(A8), 5'-d(A12), 5'-d(A16), and 

5'- d(A20)) irradiated with 5.0, 7.0, 8.4, and 10 eV electrons. Independent of the DNA 

length, the strand break cross section shows a maximum around 7.0 eV electron 

energy for all investigated oligonucleotides confirming that strand breakage occurs 

through the initial formation of negative ion resonances. Additionally, DNA double 

strand breaks from a DNA hairpin 5'-d(CAC)4T(Bt-dT)T2(GTG)4 are examined for the 

first time and are compared with those of DNA single strands 5'-d(CAC)4 and 

5'- d(GTG)4. The irradiation is made in the most likely energy range of 5 to 20 eV with 

an anionic resonance maximum around 10 eV independently of the DNA sequence. 

There is a clear difference between σSSB and σDSB of DNA single and double strands, 

where the strand break for ssDNA are always higher in all electron energies 

compared to dsDNA by the factor 3. A further part of this work deals with the 

characterization and analysis of new types of radiosensitizers used in 

chemoradiotherapy, which selectively increases the DNA damage upon radiation. 

Fluorinated DNA sequences with 2'-fluoro-2'-deoxycytidine (dFC) show an increased 

sensitivity at 7 and 10 eV compared to the unmodified DNA sequences by an 

enhancement factor between 2.1 and 2.5. In addition, light-induced oxidative damage 

of 5'-d(GTG)4 and 5'-d((CAC)4T(Bt-dT)T2(GTG)4) modified DNA origami triangles by 

singlet oxygen 1O2 generated from three photoexcited DNA groove binders 

[ANT994], [ANT1083] and [Cr(ddpd)2][BF4]3 illuminated in different experiments 

with UV-Vis light at 430, 435 and 530 nm wavelength is demonstrated. The singlet 

oxygen induced generation of DNA damage could be detected in both aqueous and 

dry environments for [ANT1083] and [Cr(ddpd)2][BF4]3. 



 

 

 

Zusammenfassung 

In der Radiotherapie wird ionisierende Strahlung verwendet, um die DNA in 

Tumorzellen wirksam zu schädigen. Der Hauptschaden ist auf die Erzeugung 

hochreaktiver Sekundärspezies wie niederenergetische Elektronen (LEE) durch 

Ionisierung von Wassermolekülen in den Zellen mit einer wahrscheinlichsten 

Energie um 10 eV zurückzuführen. Die Optimierung der Bestrahlungsmodalität in 

der Strahlentherapie beruht auf Simulationen der Dosisverteilung im menschlichen 

Körper, die auf fundamentale physikalische Prozesse zwischen hochenergetischer 

Strahlung mit dem Gewebe basieren.  

Die vorliegende Arbeit beschäftigt sich mit der exakten Quantifizierung von 

LEE-induzierten DNA-Strahlenschäden in Form von absoluten 

Wirkungsquerschnitten σSB für DNA-Strangbrüche (SBs) zwischen 5 und 20 eV mit 

Hilfe der DNA-Origami-Technik. Diese Methode verwendet wohl definierte DNA-

Zielsequenzen gebunden an DNA-Origami Nanostrukturen, dessen Schädigung 

durch die Rasterkraftmikroskopie auf Einzelmolekülniveau untersucht werden kann. 

Ein großer Fokus liegt auf den Bestrahlungsexperimenten von Polyadeninsequenzen 

((5'-d(A4), 5'-d(A8), 5'-d(A12), 5'-d(A16) und 5'-d(A20) unterschiedlicher 

Nukleotidanzahl) bestrahlt mit 5.0, 7.0, 8.4 und 10 eV Elektronen. Unabhängig von 

der DNA-Nukleotidlänge zeigen die Strangbruchquerschnitte für alle untersuchten 

Oligonukleotide ein Maximum um 7.0 eV Elektronenenergie. Diese DNA-

Strangbrüche sind durch die anfängliche Bildung negativer Ionenresonanzen 

bedingt. Zusätzlich werden erstmals Wirkungsquerschnitte für DNA-

Doppelstrangbrüche σDSB spezifischer Sequenz (5'- d(CAC)4T(Bt-dT)T2(GTG)4) 

ermittelt und mit den Wirkungsquerschnitten von DNA-Einzelstrangbrüchen σSSB 

(5'- d(CAC)4 und 5'-d(GTG)4) verglichen. Die Bestrahlungen erfolgen im 

Energiebereich von 5 bis 20 eV mit einem anionischen Resonanzmaximum um 10 eV 

unabhängig von der DNA-Sequenz. Es wird ein deutlicher Unterschied zwischen σSSB 

und σDSB von DNA-Einzel- und Doppelstrangbrüchen im Verhältnis von 3 zu 1 

erhalten. Des Weiteren befasst sich ein großer Forschungsbereich in der 

Radiochemotherapie mit der Charakterisierung und Analyse neuer 

Radiosensibilisatoren, die den DNA-Schaden bei Bestrahlung selektiv erhöhen 

können. Dafür werden DNA-Sequenzen mit 2'-Fluor-2'-desoxycytidin (dFC) 

modifiziert, die eine erhöhte Empfindlichkeit mit einem Verstärkungsfaktor 

zwischen 2.1 und 2.5 bei 7 und 10 eV im Vergleich zu den nicht modifizierten DNA-

Sequenzen zeigen. 



 

 

 

Außerdem können mit der DNA-Origami-Technik lichtinduzierte 

oxidative DNA-Schädigungen von 5'-d(GTG)4 und 5'- d(CAC)4T(Bt-dT)T2(GTG)4 

durch hochreaktivem Singulett-Sauerstoff 1O2 untersucht werden. Der Singulett-

Sauerstoff wird durch photoaktive DNA-Binder [ANT994], [ANT1083] und 

[Cr(ddpd)2][BF4]3 mit UV-Vis Licht bei Wellenlängen von 430, 435 und 530 nm 

gebildet, die sich auf den DNA-Origami Nanostrukturen nahe den Zielsequenzen 

zufällig binden. Die Erzeugung von DNA-Schäden konnte sowohl in wässriger 

als auch in kondensierter Umgebung durch [ANT1083] und [Cr(ddpd)2][BF4]3 

nachgewiesen werden. 
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1 Introduction 

The discovery of x-rays, radioactivity and nuclear fusion made people aware 

that irradiation of a living being and thus human cells with high-energy 

electromagnetic or particle radiation can have serious consequences. One of the most 

important and most fragile points of attack is the deoxyribonucleic acid (DNA) in 

living cells. However, everyday things, such as overdosed sunlight [1] and high 

energy radiation [2], aging, immune conditions or chemical substances [3] can also 

lead to structural damages leading to a restriction on its functionality or even to 

inherited genetic mutations. The cells have many effective repair mechanisms [4] that 

ultimately reach their limits in the event of DNA double strand breaks. Irreparable 

DNA damage causes the cell to initiate cell death in order not to damage the genetic 

information [5]. If cell death is no longer possible, this usually leads to rapid and 

uncontrolled cell growth, which is usually the diagnosis of cancer. Cancer is the 

second most common cause of death in developed countries, exceeded by heart 

disease [6]. There are many cancer therapies available, some of which are more 

stressful on the body than others [7]. The most frequently used methods are surgery, 

chemo- and radiotherapy or a combination of all [8]. However, the type and position 

of the tumor in the body, as well as the physical constitution of the patient, the stage 

of the disease, are decisive for the choice and severity of cancer therapy. In some cases, 

tumors cannot be surgically removed due to their position or the spread of the tumor 

makes surgical removal impossible. Therefore, radiation is used for treatment in 

radiotherapy in which carcinogenic tissue is irradiated. Modern radiotherapy 

technologies increase the precision of dose delivery into defined target volume. In 

order to increase the effect of radiotherapy, radiation sensitive molecules 

(radiosensitizers) are administered in the human body to enhance the effect of 

ionizing radiation. The uptake of the radiosensitizers is higher for cancer cells, since 

they have a faster metabolism compared to healthy cells. Hence, the understanding 

of the reaction mechanism of different types of radiation, such as γ-ray, X-ray, particle 

radiation and high energy electron beams with the surrounding tissue is of 

fundamental interest in radio- or the combined chemoradiotherapy. Depending on 

the radiation type and energy, different irradiation beam shapes, penetration depths 

and energy distribution of the incoming particle in the medium can be reached. 

Independently of the radiation type, the therapies are based on the generation of 

secondary particles through the ionization of the surrounding water in the cells. One 

of the most abundant secondary species produced by ionizing radiation are low-
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energy electrons (LEEs) [9] and can damage the DNA via dissociative electron 

attachment (DEA). LEEs are generated along the radiation track with the most likely 

energy between 0 and 20 eV with a maximum at around 10 eV. The most favored 

process of DNA damage via DEA over transient negative ions (TNI) is formed by 

attachment of an electron to a formerly unoccupied molecule orbital at a specific 

resonance energy. The reaction mechanism between the DNA and LEEs that lead to 

tumor reduction or death have not yet been fully understood. A simulation of the 

dose distribution in the patient is required to optimize the irradiation modality in 

cancer radiation therapy, which must be based on the fundamental physical processes 

of high-energy radiation with the tissue. Consequently, there is a need of accurate 

quantification of DNA radiation damage in the form of absolute cross sections for 

radiation-induced DNA strand breaks (SBs). Therefore, a broad range of experimental 

methods have been developed to study the interaction of LEEs with cells, 

biomolecules, plasmid DNA, DNA oligonucleotides or DNA building blocks. Each 

method varies in the type of information that can be obtained and the size and 

complexity of the system that can be effectively studied. The in vivo study of tumor 

growth and survival rates can be monitored in animals for different radiation in 

combination with radiosensitizers and are the closest system with one of the highest 

biological relevance. Complex biological systems like cells yield important 

information about the survival probability. Instead, detailed fragmentation 

mechanisms with unclear biological relevance can be examined in idealized DNA 

building blocks. Nevertheless, there is an information gap between short DNA 

nucleotides leading information about fragmentation mechanism and complex DNA 

structures like supercoiled plasmid DNA yielding information about non-specific 

electron dependent DNA damage. With the invention of the DNA origami technique 

from Keller et al. in 2012 [10], the investigation of LEE-induced DNA damage of well-

defined DNA oligonucleotides using DNA origami triangles reaches a new level and 

closes the information gap. This technique enables the study of LEE-induced DEA to 

customized DNA oligonucleotides with different DNA sequences [11], length [12], 

topology [13] and modifications with radiosensitizers [14] in dependence of the 

radiation source and energy. 

The present work is produced in cooperation with the University of Potsdam 

and the Federal Institute of Materials Research and Testing and deals with the 

investigation of DNA damage caused by electron-induced reactions in vacuum using 

the DNA origami technique. A new established setup from Rackwitz et al. [15], [16] is 

further developed and is used to quantify the sequence, length and electron energy 



1 Introduction 

3 

 

dependencies of DNA single and double-strand breaks. The DNA damage is 

visualized by atomic force microscopy (AFM) on the single molecule level. Chapter 

two describes the theoretical background of the DNA as the main target molecule and 

its fundamental reactions with highly reactive secondary particles (LEE), radiation 

and photosensitive molecules. The necessary experimental setup for the investigation 

of LEE-induced DNA strand breaks is explained in more detail in chapter three. 

Chapter four focuses on poly-adenine DNA single strands with 4, 8, 12, 16 and 20 

nucleotides irradiated at 5, 7, 8,4 and 10 eV electron energy. Independent of the DNA 

length, the strand break cross section of all sequences show a maximum around 7.0 

eV electron energy. Additionally, DNA double strand breaks from 

5’- d(CAC)4T(Bt- dT)T2(GTG)4 are examined for the first time using the DNA origami 

method and are compared with those of DNA single strands 5’-d(CAC)4 and 5’-

d(GTG)4. The effects of LEEs in a most likely energy range between 5 and 20 eV are 

important to study as a basic research of radiation damage to biomolecules regardless 

of the related implications for applications of ionizing radiation in medicine. 

Furthermore, a wide field of new radiosensitizers incorporated into the DNA 

sequence or DNA binders non-covalently bound by ion exchange are investigate to 

enhance the sensitivity against DNA damage upon radiation. On the one hand, the 

investigation of the radiosensitizer 2’-fluoro-2’-deoxycytidine (dFC) incorporated into 

short DNA oligonucleotides is presented and the absolute DNA strand break cross 

sections are determined in dependence of the electron energy at 7 and 10 eV. The 

enhancing effect of dFC compared to the unmodified DNA sequence is between 2.0 

and 2.5 depending on the DNA sequence order and irradiation energy. On the other 

hand, photosensitive DNA binder are molecules that generate the reactive singlet 

oxygen 1O2 in the presence of molecular oxygen 3O2 upon irradiation with UV-Vis 

light. 1O2 is known as highly reactive species and can induce single or double strand 

breaks in the direct vicinity of DNA. For the first time, the three DNA binders 

[ANT994], [ANT1083] and [Cr(ddpd)2][BF4]3 are bound to modified DNA origami 

triangles with 5’-d(GTG)4 and 5’-d((CAC))4T(Bt-dT)T2(GTG)4) target DNA strands 

and illuminated in different experiments with UV-Vis light at 430, 435 and 530 nm 

wavelength for up to one hour (h). A slight DNA strand damage could be determined 

in both the aqueous and dry state, whereby [ANT1083] and [Cr(ddpd)2][BF4]3 are 

confirmed as potential DNA photosensitive molecules. Independent of all radiation 

experiments, determining the DNA damage using AFM analysis is very time-

consuming. Therefore, the Pythagoras software was developed specifically for this 

method, which supports and greatly reduces the analysis time.
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2 Theoretical Background 

This chapter explains fundamental knowledge and theoretical processes of the 

DNA and their interaction with radiation.  Moreover, the basics for cancer therapies 

are discussed and an insight into the current status of cancer research is given. 

2.1 Deoxyribonucleic acid 

In nature, DNA developed as a highly compressed storage for genetic 

information and is able to code the blueprint of a whole organism. The structure of 

the DNA was successfully analyzed in 1953 by James D. Watson and Francis Crick 

using X-ray diffraction [17]. The DNA stores the genetic information for the 

development, function and reproduction of all living organisms. It is a right-handed 

double helix consisting of two polynucleotide chains that are formed from a 

phosphate residue and the sugar unit deoxyribose (fig. 2.1). The phosphates are 

linked at the third and fifth carbon atoms of the sugar unit, which enables a clearly 

defined reading direction to be determined. Due to the phosphate residues, the DNA 

is negatively charged and surrounded by positive counterions in physiological 

 

Figure 2.1 Scheme of a B-DNA and its chemical structure of the Watson-Crick base pairing. 

The DNA backbone consisting of the phosphate group and the sugar deoxyribose is shown in 

black. The four DNA bases adenine (A), thymine (T), guanine (G) and cytosine (C) are bound 

N-glycosidically to the sugar unit. The double-stranded character arises when the base pairs 

A-T and G-C interact via two or three hydrogen bonds (turquoise dotted line). One helical 

turn from a A-DNA consist of 10.5 nucleotides (nt) with a length of 2.52 nm and a diameter of 

2.3 nm. 
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environment. The four different DNA bases adenine (A), thymine (T), guanine (G) 

and cytosine (C) are N-glycosidically bound to the sugar unit and point into the 

interior of the double helix. Hydrogen bonds always pair a purine and a pyrimidine 

base (Watson-Crick base pairing) to ensure a consistent distance between 1.8 and 

2.3 nm depending on the DNA type (tab. 2.1). The adenine-thymine base pair (bp) is 

held together via two and guanine and cytosine via three hydrogen bonds. These 

interactions create double stranded DNA (dsDNA) from two complementary single 

stranded DNA (ssDNA). 

Complementary DNA single strands enable the double helix formation from 

which an enthalpic gain results. Additional factors that drive the formation of the 

double helix are the polarity of the phosphate groups, the hydrophobicity of 

nucleobases and the stacking interaction of nucleobases, which provides additional 

stability for the DNA. The π-π interactions are particularly strong between the same 

nucleobases or between purine bases and can significantly alter the interaction with 

incident radiation. The two complementary strands are not directly opposite each 

other, forming a major and a minor groove with widths of a few Angström (Å), 

respectively [18]. 

 

Table 2.1 Overview of diameter, base distance and chirality of different types of DNA. 

DNA type diameter [nm] base distance [nm] chirality 

B-form 2.0 0.34 right-handed 

A-form 2.3 0.24 right-handed 

Z-form 1.8 0.46 left-handed 

 

In physiological environment the DNA is fully hydrated and exists in its B-

form. It has a diameter of 2.0 nm and a distance between base pairs along the helical 

axis of 0.34 nm [19]. Lower humidity and high salt concentrations used in in vitro 

experiments change the dimensions of the DNA by forming the A- and Z-DNA [20]. 

The right-handed A-DNA is more compact because of a reduced number of water 

molecules [21]. In contrast to the A- and B-DNA the Z-DNA is left-handed and only 

a transient structure involved in biological reactions [22]. The diameter of the Z-DNA 

is 1.8 nm and has a distance between bases along the axis of 0.46 nm [23]. Under high-

vacuum and high salt conditions in condense state, the DNA is likely to be present as 

A-DNA in the following methods (chapter 3). Taking these aspects into account, the 

size of the DNA in terms of a geometrical cross section (CS) 𝜎geo can be estimated 

from the length of the DNA sequence 𝑙 and its diameter for double-stranded 𝑑 and 
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single-stranded DNA 𝑑1/2. The calculated geometrical cross section for single 𝜎𝑆𝑆𝑔𝑒𝑜 

and double stranded DNA 𝜎𝐷𝑆𝑔𝑒𝑜 and the geometrical cross section per nucleotide 

𝜎𝑁−𝑔𝑒𝑜 is summarized in table 2.2. 

𝜎𝑔𝑒𝑜  =  𝑙 ∙  𝑑        (2.1) 

 

Table 2.2 Calculated geometrical cross section (σgeo) from the length of the A-DNA sequence 

for single stranded (σSSgeo) and double stranded DNA (σDSgeo) and the geometrical cross section 

per nucleotide (σN- geo) [12]. 

Type of 

DNA 

Number of 

bases/base pair 

DNA length 

[nm] 

σSSgeo/ σDSgeo  

[10-15 cm²] 

σN-geo  

[10-16 cm²] 

 4 0.96 11.04 

27.60 

 8 1.92 22.08 

ssDNA 12 2.88 33.12 

 16 3.84 44.16 

 20 4.80 55.20 

dsDNA 28/14 3.36 77.28 27.60 

 

2.1.1 Overview on structural DNA nanotechnology 

Today, nanotechnology in general is an established method for the production 

of nanostructures such as fullerenes [24], nanotubes [25] or nanowires [26] in the 

nanometer range. These nanostructures are used in areas such as semiconductor 

physics, food technology, mechanical engineering, and surface chemistry and 

physics.  

Inspired by nature, researchers have explored nucleic acids as convenient 

building blocks to assemble also nanodevices and nanomachines in these small scales. 

It only needs four different chemical building blocks, which follow relatively simple, 

but with highly specific and predictable rules for base pairing at the molecular level. 

This makes nucleic acids by far the preferred biological material for nanometer-

precise structures. DNA can be chemically synthesized as short nucleotides (nt)  at 

low cost (< 100 nt for DNA) [19] or can be obtained from genomic DNA as longer and 

predefined sequence. The possibility of DNA synthesis and extraction enables the 

production of nanomaterials based on DNA. The first branched DNA nanomaterials 

were created by N. Seeman 1982 with short oligonucleotides to form immobile 

junctions [27] and later in 1999 four-arm holliday junction arrays [28]. Since then 

different DNA arrays (DNA tiles) have been created with different shapes and 

increasing size by introducing sticky ends on all DNA double helices [29]. Under 



2 Theoretical Background 

8 

 

certain conditions large 2D and 3D structures out of DNA tiles can be created. Within 

this method multiple reaction steps have to be done to get a high purity of a variety 

of short DNA oligonucleotides in a certain stoichiometry. To overcome these 

problems, Paul W. K. Rothemund [30] demonstrated in 2006 how to fold single 

stranded M13 viral DNA into arbitrary 2D and 3D shapes. The DNA origami 

technology was born enabling addressable surface areas and nanomechanical 

devices. 

2.1.2 DNA origami triangle 

In last two decades the DNA origami nanotechnology was well established 

and is now used for many different applications. Complex DNA structures in 

different shapes can serve as templates e.g. in the fields of biosensing [31], 

plasmonics [32] or enable theragnostic applications with nanorobots [33], [34]. In this 

work, the triangular-shaped 2D DNA origami nanostructure from Rothemund is 

used, because of its high stability under dry and aqueous condition and its low 

clustering tendency during adsorption processes. 

 

The DNA origami substrate (fig. 2.2) is a nanostructure consisting of a 7249 nt 

long circular M13mp18 viral DNA (scaffold strand) and 208 short artificial 

oligonucleotides (staple strands). Due to the Watson-Crick base pairing, the DNA 

strands hybridize to form e.g. a triangular DNA origami in a self-assembling process. 

The staple strands are complementary DNA strands and connect to at least two 

Figure 2.2 Scheme of the formation of a triangular DNA origami nanostructure and its 

modification with target DNA sequences according to Rothemunds DNA folding [29]. 
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different positions of the scaffold strand. Only the secondary structures are dissolved 

by increasing temperature and the thermodynamically most favorable structure can 

be formed by controlled cooling. An arrangement of antiparallel helices is formed 

within the DNA origami structures, which are connected to their neighbours at a 180° 

angle via crossovers at a distance of 1.5 helix turns (~16 base pairs).  The DNA origami 

triangle consists of three identical trapezoids, which are connected at the short ends 

to form a triangle with a thickness of ca. 2.3 nm and a side length of 127 nm. The 

formation of DNA origami nanostructures depends on the presence of positively 

charged counterions, which compensate the negative charge of the phosphate groups 

in the DNA backbone. Magnesium ions are commonly used in aqueous solution to 

minimize the electrostatic repulsions between the two single strands and to provide 

a connection to the negatively charged silicon dioxide surface, which is used for the 

condensed state irradiation experiments (chapter 3.3). Divalent ions are able to 

stabilize neighboring phosphate groups located on the same or adjacent strands. 

Additionally, a buffer is used that supports the stability of the DNA origami 

nanostructures in a physiological pH in the range of 7 to 8. Typically, a TRIS-Acetat-

EDTA-buffer (TAE) is used with pH at around 8 (chapter 3.1). 

Each staple strand has a unique sequence and location in the DNA origami 

nanostructure. Therefore, the DNA origami substrate can be used as a pegboard, 

where a specific staple strand can be modified and extended with the target sequence 

to be analyzed after electron irradiation.  

2.2 Electrons 

2.2.1 Timescale of Events 

DNA as one of the most important cell components is a critical target for cell 

damage caused by high-energy radiation. It is constantly exposed not only to natural 

radioactivity and cosmic rays but also to artificial sources of radiation during medical 

treatments (chapter 2.4). Since DNA is one of the most important targets, its damage 

has to be studied in detail. 
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The final effectiveness of radiation to biological tissues is characterized by the 

linear energy transfer (LET) and describes the amount of energy deposited per length 

(LET =
𝐸

𝐿
). High energy electromagnetic radiation like 𝛾 rays have a low and particle 

radiation like 𝛼 particles possess a high LET. Overall, the radiation induced processes 

and damage to biological tissues are very complex and can be divided in physical, 

chemical and biological stage with different timescales ranging from femtoseconds 

(fs) over seconds (s) to a whole human life (fig. 2.3). The main initial reaction step of 

the primary radiation (UV, X-ray, γ-ray, ion-beam) is the direct interaction with the 

water molecules in the cells and represents the physical stage in a femtosecond 

(10- 15 s; fs) to picosecond (10-12 s; ps) timescale. Within femtoseconds the excitation 

and ionization of H2O takes place and generates highly reactive secondary species. 

The ionization of water produces transiently H2O*, which autoionizes to form H2O•+ 

and secondary electrons (SE). The H2O•+ deprotonates directly to form OH• and H3O+ 

or dissociates to OH• and H• [35]. 

 𝐻2𝑂 + ℎ𝑣 → 𝐻2𝑂+ + 𝑒− → 𝐻+ + 𝑂𝐻∙ + 𝑒−    (2.2) 

On the one hand, the primary radiation excites directly the DNA and can 

initiate physical and chemical processes that are referred as direct damage. Ultrafast 

excited-state dynamics in nucleic acid experiments show that the excited-state 

lifetimes of DNA nucleobases are in the subpicosecond regime [36]. A strong vibronic 

coupling of the excited and ground state results in a fast recovery of the ground 

state [14]. This ultrafast photophysical process protects the DNA against UV radiation 

damage. Moreover, a direct electronic excitation of the DNA nucleobases can initiate 

the photochemical formation of cyclobutene pyrimidine dimers [37]. These 

intermediates are known as mutagenic and carcinogenic for skin cancer. On the other 

hand, the secondarily generated species that are formed by ionization of water 

molecules close to the DNA have a much higher influence and can induce DNA 

damage (indirect damage) of different yields, e.g. single (SSB) and double strand 

Figure 2.3 Timeline of events after irradiation of matter and subsequent reactions with DNA. 
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breaks (DSB) and base loss. Depending on the state of the various radiation-produced 

electrons, the overall energy of the electrons is rather small, but its damaging effect to 

DNA is very large and can cause about twice as much damage to the DNA as the OH 

radicals [38]. By ionizing water molecules with high energy primary radiation, about 

80% of the energy is distributed to generate low-energy electrons with a broad energy 

distribution between 0 eV and 100 eV electron energy (fig. 2.4 left) [9]. Depending on 

the type and energy of primary radiation, the mean energy for secondary electrons is 

at around 10 eV [39]. 

 

The produced free electrons can induce further reactions depending on their 

energy and their state of solvation. Secondary electrons (SE) lose energy to form LEE, 

quasi-free electrons (eqf
− ), prehydrated electrons (epre

− ), which are fully solvated 

within ps to form solvated electrons (esol
− ) [40].  

  If the energy of SE exceeds the ionization energy IE of the nucleobases 

(~8 - 9 eV) ionization processes can occur [41]. Ionization of DNA components are 

threshold processes and can cause DNA strand breaks (SB) that are less effective 

compared to resonant processes. One of these resonant processes is described by the 

dissociative electron attachment mechanism of LEEs with electron energies below 

10 eV. Such LEEs can cause single and double strand breaks through DEA in the 

DNA. Quasi-free electrons (eqf
− ) have energies close to 0 eV and can rupture sugar-

base bonds via bond elongation through a barrier-free glycosidic bond cleavage [42]. 

The pre-hydrated electrons (epre
− ) are partly hydrated and become fully dissolved 

Figure 2.4 Left: Energy distribution of secondary electrons produced in liquid water by 

primary ionization events caused by 1H radiation of 0.1, 1, 10 and 100 MeV. Right: Frequency 

distribution of secondary electrons from 1 MeV electron irradiation with the highest fraction 

between 0 and 1 eV kinetic energy of about 27%. Diagram reprinted with permission from ref. 

[9]. 
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within ps to become solvated electrons (esol
− ), which are then chemically rather 

inactive [43]. Before (epre
− ) are completely thermalized DEA can take place within 

10- 14-10-10 s (chapter 2.2.3). Solvated electrons can still bind efficiently to nucleobases, 

but are known to not cause DNA strand breaks [44].  

The second stage is the chemical stage and is defined by the diffusion-

controlled reactions that take place within nanoseconds (10- 9 s; ns) to milliseconds 

(10- 6 s; ms). It is also governed by DNA single and double strand breaks induced by 

hydroxyl radicals with less effect compared to the generated electrons.  

The slowest classification on the timescale is the biological stage and can 

extend over the whole human lifetime. DNA damage and modifications trigger 

biological processes, like subsequent enzyme reactions with the aim to repair the 

DNA. By using the complementary DNA strand as a template, e.g. single strand 

breaks, inter- and intrastrand crosslinks (ICL), mis-matches and base losses can be 

repaired very easily by enzymes (fig 2.5). In the case of a double strand break, a 

missing or faulty repair of the DNA lesion leads to mutations or cell death, which is 

on the timescale of hours. Mutations can have different possible consequences, 

ranging from inheritable diseases to cancer.  

 

2.2.2 Electron-molecule scattering 

In classical physics, interactions of free electrons with different types of matter 

(atoms, molecules, clusters, condensed matter) is divided into resonant and direct 

scattering. Latter includes elastic and inelastic scattering. During elastic scattering the 

kinetic energy can only be transferred between the collision partners. Thereby the 

Figure 2.5 Formation of general damage forms that can occur at a DNA strand. 
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internal energy and kinetic energy is preserved. If inelastic scattering takes place, the 

internal energy and kinetic energy of the collision partners can be decreased or 

increased due to excitation or de-excitation (translational or internal degrees of 

freedom). In non-polar molecules the transfer of energy via translation or rotation 

and vibration is very inefficient due to the low mass of the electron. The following 

equations describes the interaction of a neutral molecule 𝐴𝐵 and an electron 𝑒 of a 

specific potential 𝜖 (eq. 2.13). 

𝐴𝐵 +  𝑒−(𝜖1) → 𝐴𝐵 + 𝑒−(𝜖2)         𝜖1 ≈ 𝜖2    (2.3) 

𝐴𝐵 +  𝑒−(𝜖1) → 𝐴𝐵∗ + 𝑒−(𝜖2)       𝜖1 > 𝜖2    (2.4) 

When an energetic electron collides with an atom or molecule transferring 

enough energy to eject an electron from the target particle, the process is called 

electron ionization (EI). The electron acts primarily as a projectile with kinetic 

energies above the ionization energy of the target partner to provide the energy.  

𝐴𝐵 +  𝑒−(𝜖) → 𝐴𝐵∗+ + 2𝑒−     𝜖 > 𝐼𝐸     (2.5) 

If a free electron with a kinetic energy of around 2 eV hits a particle, it takes 

about 10- 15 s (1 fs) to travel 10-9 m (1 nm), equivalent to about 7 bond lengths when 

assuming a C- C bond length of about 150 pm [45]. Even for large molecules a free 

electron does not need more than a few fs to pass the whole molecule. Whereas, 

molecular motions like translational thermal motion (10-11 s for travel distance of 1 nm 

at velocities of 100 m/s) or vibrations (10-14 s with frequencies of 1014 Hz) occur at much 

longer timescales. In view of that, the molecule is in a stationary state while the 

electron attaches via electronic transition from one vibrational energy level to another 

with a significantly overlapped wave function (vertical Frank-Condon-Principle). 

Due to the different mass of nuclei and electrons, there are no changes in the positions 

of the nuclei in the molecular entity and its environment (Born-Oppenheimer-

Approximation). 

In contrast to direct scattering, resonant scattering can also occur at very low 

and specific energies. Only a specific amount of energy can be absorbed by the 

molecule, what is given by the energy difference between the neutral and anionic 

state within the Franck-Condon region. Hence, resonances are characterized by sharp 

changes in cross sections (chapter 2.2.4) with energy, and by transit times exceeding 

the normal duration for passing the target particle. If an electron attaches to a neutral 

molecule to occupy a formerly unoccupied molecular orbital (MO) the negatively 

charged transition state is referred to as transient negative ion (TNI).  
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The formation of a TNI can be classified into single particle (1p) resonances 

(shape resonance, vibrational Feshbach resonances) and two particle resonances (2p1h) 

(core excited shape, core excited Feshbach). In the first case a single particle attaches to the 

target molecule and excites only vibrationally, then it is called shape resonance, because 

it depends on the centrifugal barrier and thus on the shape of the interaction 

potential [46]. The interaction between the incoming electron and the target molecule 

is dominated at small distances by the repulsive centrifugal potential from the 

angular momentum of the electron, while at large distances the attractive potential is 

dominating. In total, the sum of both potentials is crucial if the electron is trapped 

temporarily in the potential or not. The incoming electron is occupying a virtual MO 

and the electron configuration of the target molecule is unchanged. It usually occurs 

below 4 eV with short lifetimes of 10-15 to 10-10 s [47]. Compared to that, the vibrational 

Feshbach resonance lies below the neutral ground state and thus has a positive electron 

affinity (EA). The electron attachment is accompanied by rearrangements in the 

electronic structure which hinders autodetachment (AD) (chapter 2.2.3) and the 

lifetimes are extended about 10- 6 s [48]. If the excited state is close to the ground state 

of the neutral molecule, vibrational Feshbach resonances appear at energies close to 0 eV.  

  

In contrast to that, the 2p1h resonance includes the attachment of two 

electrons with higher electron energy by generating an electron hole (fig. 2.6) and is 

divided into core excited shape and core excited Feshbach resonance. Unlike in the one 

particle resonance, in the 2p1h resonance, two electrons are occupying a formerly 

virtual MO and a hole is generated. If the generated TNI is energetically above the 

corresponding electronically excited neutral molecule it is referred to as core excited 

shape resonance. When the TNI lies below the electronically excited neutral molecule, 

AD is not accessible and it can just relax by rearranging the electronic structure 

Figure 2.6 Illustration of the TNI formation and its classification into two particles one hole 

2p1h (core excited shape and core excited Feshbach) and single particle resonances 1p (shape 

resonance and vibrational Feshbach). 
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through a two-electron transition into lower excited states. This extends the lifetime 

compared to the shape resonance and is referred to as core excited Feshbach resonance. 

The resonance lifetime is usually longer than 1 fs, because the electron is not 

only spending the transit time in the vicinity of the molecule, the attached electron is 

trapped by the target molecule. The lifetime of the resonances is dependent of the 

molecule size with its electronic structure, the surrounding medium of the molecule 

and the electron, the attaching electron energy and its internal energy. Therefore the 

lifetime of a resonance can range from times corresponding to short vibrational 

periods (10-14 s) [49], over microseconds (10- 6 s) in larger molecules [50], up to some 

milliseconds (10-3 s) [51]. The attachment of an electron generates a transient anionic 

state by resonant transitions from the neutral molecule 𝐴𝐵 to an anionic state at 

specific energies below its ionization threshold according to the following equation.  

𝐴𝐵 +  𝑒−(𝜖1) → 𝐴𝐵#−       (2.6) 

The index “#” represents the transient negative ion (TNI) [52]. 

In contrast to EI, the TNI is a one particle intermediate state, where the excess 

energy from the electron cannot be transferred into kinetic energy and is stored as 

potential energy. The consequence is that the entire kinetic energy and electron 

affinity is stored in the TNI, resulting in resonances rather than a threshold process. 

The TNI has a finite lifetime and can decay via non-radiative stabilization processes. 

It can either decay back into the neutral parent molecule under loss of the electron 

(AD), be stabilized (associative attachment; AA), lose the excess energy by emitting a 

photon (radiative stabilization; RS) or fragment into a negative ion and a neutral 

product (DEA). The TNI is in general unstable against autodetachment [53], what 

implies the loss of the additional electron of the TNI. This process describes the 

counter reaction to the attachment of the electron and follows the vertical Franck-

Condon principle and is accessible until the crossing point 𝑅C of the potential curves 

(chapter 2.2.3). 

AD: 𝐴𝐵#− → 𝐴𝐵∗ + 𝑒−(𝜖2)          𝜖1 > 𝜖2          (2.7) 

When the TNI is generated in a vibrational excited state of the anion, the 

neutral molecule 𝐴𝐵 is left in an excited state 𝐴𝐵∗ after AD. The detached electron lost 

some kinetic energy referred to the vibrational energy and can be measured, which is 

done in electron energy loss spectroscopy (EELS). The lifetime of the autodetachment 

𝜏 can be calculated by the energy linewidth 𝛤 of the anion state according the 

Heisenberg uncertainty principle and the reduced Planck constant ħ 
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(
ℎ

2𝜋
=  6.58 ∗  10−16𝑒𝑉𝑠). According to equation (2.8) we are getting the shortest 

lifetime with the broadest linewidth. 

𝜏 ≈
ħ

𝛤
         (2.8) 

The excess energy can also be converted by intramolecular vibrational energy 

redistribution (IVR). Here, the anionic state relaxes into the potential minimum, 

which is below the potential minimum of the ground state. This is common in 

Feshbach resonances, where the crossing point of both potential curves is close to 0 eV 

excess energy. To stabilize the TNI it has to lose some of its excess energy via collision 

with adjacent molecules in the environment. 

AA: 𝐴𝐵#− + 𝐴𝐵 → 𝐴𝐵∗ + 𝐴𝐵−          (2.9) 

The process with the lowest contribution is the RS and is as well the slowest 

mechanism. A photon ℎ𝑣 is emitted by the charged molecule to lose the excess energy 

of the excited state resulting in a stabilized anion.  

RS: 𝐴𝐵#− →  𝐴𝐵− + ℎ𝑣      (2.10) 

The most important process that competes with both other processes (AD and 

AA) is dissociation into a stable anion and a neutral radical. This reaction describes a 

bond cleavage, which is favored when the extra electron is occupying a MO with an 

antibonding character. It is the main reaction step when talking about a DNA bond 

breakage. 

DEA: 𝐴𝐵#− → 𝐴 + 𝐵−      (2.11) 

The timescale of DEA reactions is in the order of 10-14 to 10-12 s and DEA 

competes with AD, which occurs in the same timescale [53]. 

2.2.3 Dissociative electron attachment (DEA) 

Figure 2.7 shows a two-dimensional potential energy diagram for the 

formation of a TNI via a single particle shape resonance. When an electron attaches 

to a molecule, the excitation energy 𝐸 necessary to form the TNI corresponds to the 

vertical electron affinity (EA) of the molecule. As described in the chapter 2.2.2, the 

adiabatic EA is defined as the energy difference between the neutral molecule and the 

anionic state in their electronic, rotational and vibrational ground state. If the EA is 

positive, the ground state of the anion lies below the ground state of the neutral 

molecule and per definition a thermodynamically stable anion is formed. To form the 

TNI, the vertical attachment energy (VAE) is needed and describes the energy 

difference between the neutral ground state and the lowest unoccupied MO (LUMO) 
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or higher orbital of the anionic state. As a competitive process, the AD describes the 

reverse process of the vertical attachment process. After passing the crossing point 𝑅C 

the excited state reaches the ground state of the anionic state and a negative and a 

neutral fragment is generated. To allow the relaxation beyond 𝑅C, the lifetime of the 

TNI must be long enough. After this point, only AA and DEA are the possible reaction 

pathways. The dissociation energy 𝐵𝐷𝐸(𝐴 − 𝐵) of the bond A-B and 𝐸𝐴(𝐵) the 

electron affinitiy of 𝐵 yield the thermochemical threshold ∆𝐻0. 

∆𝐻0 = 𝐵𝐷𝐸(𝐴 − 𝐵) − 𝐸𝐴(𝐵)      (2.12) 

In experiments 𝜖 is measured which is composed of the thermochemical 

threshold and the excess energy 𝐸∗ in form of translational and internal energy of the 

fragments. 

𝜖 = 𝐵𝐷𝐸(𝐴 − 𝐵) − 𝐸𝐴(𝐵) + 𝐸∗     (2.13) 

 The so formed negative fragment can re-eject its extra electron, for which the 

vertical detachment energy (VDE) is needed.  

  

2.2.4 Cross section (CS) 

The cross section 𝜎 is a function of the impact energy 𝐸 where a number of 

reactions 𝑁R per projectile particle 𝑁P in a given area 𝑍 with a specific number of 

targets 𝑁T occurs. The cross section is given in cm² and thus simply describes an area. 

Figure 2.7 Schematic two-dimensional potential energy diagram illustrating the formation of 

a transient negative ion. The ion yield on the right side reflects the initial Franck-Condon 

transition. 
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𝜎tot =
𝑁R ∙ 𝑍

𝑁P ∙ 𝑁T
         (2.14) 

In other words, 𝜎 describes in general the probability that a certain interaction 

occurs; here this is a scattering process between an electron and the target atoms or 

molecules. Including all scattering interactions like elastic scattering 𝜎el, ionization 

𝜎ion, excitation 𝜎ex and electron attachment 𝜎at gives the total cross section 𝜎tot. 

𝜎tot =  𝜎el + 𝜎ion + 𝜎ex + 𝜎at       (2.15) 

During DNA radiation damage (chapter 2.3) the DEA process is a pivotal 

process occurring between DNA and LEEs. The effectivity of a DEA process can be 

expressed by the DEA cross section 𝜎DEA. It can be calculated from 𝜎at and the 

probability P that the TNI dissociates, where P is a survival probability of the formed 

TNI. 

𝜎DEA = 𝜎at ∙ 𝑃         (2.16) 

If the extra electron is not auto detached until the dissociating system has 

reached the crossing point 𝑅C, the system can no longer return to its ground state 

again and will dissociate.  𝑅 represents the bond distance between two atoms from 

where the bond dissociation takes place. The dissociation is favored by a stable TNI, 

since 𝑅C is usually reached within a vibrational period in tens of femtoseconds (10-14  s 

for a vibration). Therefore 𝑃 can be calculated from the time 𝜏DEA the TNI needs to 

dissociate and the autodetachment lifetime 𝜏AD. 

𝜎DEA = 𝜎at ∙ 𝑒
−

𝜏DEA
𝜏AD         (2.17) 

2.3 DNA radiation damage 

2.3.1 DNA Radiation stability and damage by LEEs 

The DNA is subject to many endogenous and exogenous insults that affect the 

DNA replication and transcription. Radiation damage to DNA comprises complex 

molecular mechanisms of physical, chemical and biological events that are not 

completely understood yet. Especially DNA double strand breaks are one of the most 

severe forms of DNA damage and must be detected by enzymes [54] and repaired 

afterwards to prevent cell death [55]. For a long time, it was expected that only 

photons and electrons above the ionization threshold of molecules contribute to the 

damage of biological tissue. However, many scientific studies have proven the 

opposite, i.e. electrons below the ionization threshold can cause a considerable 

amount of damage via DEA to the DNA in the cell nucleus. The initial events of 
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energy deposition and production of SE within the chemical stage determines the 

effectivity of DNA strand cleavage. Hence, it is crucial to investigate low energy 

electron interaction with DNA and the surrounding molecules that occur at an early 

time of radiation damage. 

DNA as the main target of radiation damage is packed to chromosomes 

surrounded by water and various ions in the cell. Inside of the chromosomes, the 

DNA is stacked by hydrogen bonds to double helices, bundled with proteins to 

complex structures. Due to the many different biologically relevant systems, different 

methods for LEE-induced DNA strand breaks have to be developed. Various 

methods have been established in research that allow access to different DNA 

radiation damage. The usage of complex biologically relevant systems like animals or 

cells yields important, but limited information [56]. In comparison to biological 

systems, the study of idealized model systems like DNA subunits in the gas phase, 

prohibits the information of the biological relevance and is limited by the molecule 

size in the gas phase. Instead, detailed fragmentation mechanisms under specific 

irradiation conditions can be studied. A large gap in the information about DNA 

damage between the analysis of small molecules such as DNA subunits and the 

greater molecules such as cells is present. Due to the low penetration depth of LEEs, 

there is a need for highly sensitive physico-chemical experiments to quantify LEE-

induced strand breaks. For this purpose, several methods have been developed that 

try to close this gap. Previous studies used supercoiled plasmid DNA with several 

thousand base pairs and irradiation with LEE. After irradiation the supercoiled DNA 

changes its conformation from supercoiled (undamaged) over circular (SSB) to longer 

linear (DSB) and shorter linear (MSB; multiple strand breaks) fragments [57].  The 

DNA strand breaks can be analyzed with agarose gel electrophoresis (AGE) [58]. Gas 

phase experiments of isolated DNA components show a similar energy dependency 

in the resonance behavior as for the SSB and DSB yields in the condensed phase 

(fig.  2.8). Both in gas and condensed phase all nucleobases undergo DEA within two 

resonant features at higher energies between 6 and 12 eV [58] and at very low energies 

between 0 and 4 eV [59]. 
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The study with supercoiled plasmid DNA does not yield any specific 

information about sequence dependences, the influences of secondary structure or 

the enhanced effect of DNA modification with radiosensitizers. Consequently, it is 

advantageous to use shorter oligonucleotides with specific sequence in which also 

radiosensitizers can be incorporated. With the help of high-performance liquid 

chromatography (HPLC) sequence-specific strand breaks in short oligonucleotides 

up to tetramers can be studied [60]. Going to higher numbers of nucleotides, the 

detection limit of HPLC is reached. For longer oligonucleotides, fluorescence 

spectroscopy with self-assembled monolayers (SAM) of well-defined DNA 

oligonucleotides can give on the one hand results on DNA strand breakage, but is on 

the other hand limited to DNA single strands [61]. To close the information gap, a 

novel approach was established in 2012 and is based on Atomic force microscopy 

(AFM) analysis of well-defined oligonucleotides attached to DNA origami 

templates  [10] (chapter 3.1). This method allows to determine effective and absolute 

CS for DNA strand cleavage and to study the effect of tumor therapeutics. 

Figure 2.8 Left: Quantum yields per incident electron for SSB (a), DSB (b) and MDSB (c) in 

DNA films by LEEs as a function of incident electron energy between 0 and 100 eV. Right: 

DSBs (a) and SSBs (b) in dependence of the incident electron energy below 15 eV. A strong 

anionic resonance at 10 eV for DSBs and a broad resonance maximum between 7 and 13 eV 

for SSBs is observed. Both images are reprinted with permission from ref. [56]. 
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2.4 Cancer therapy 

Interaction of radiation with matter is always present and can have a different 

outcome. Depending on the energy, type and dose of radiation, it can be harmful for 

the human body leading to DNA mutations and cell death. In addition to natural 

cosmic radiation, we also expose ourselves to artificial radiation, such as in 

radiotherapy. It is one of the three traditional cancer therapy methods (in addition to 

surgery and chemotherapy) with the aim to kill malignant cells. Half of the patients 

diagnosed with cancer are treated at least once with radiotherapy [62]. During hadron 

therapy the cancer cells and surroundings are illuminated with megaelectron 

volt (MeV) proton radiation to treat the cancer cells in a highly selective way [63], [64], 

[65]. The penetration depth and thus the effectiveness can be changed by varying the 

energy and its dose rate. A fast and charged particle ionizes atoms of the material 

when moving through matter and deposits a dose along its path. When plotting the 

energy loss of this particle during its travel, a peak occurs called Bragg peak. The 

Bragg peak occurs just before the particle speed is down to zero, because the energy 

loss of charged particles is inversely proportional to the square of their velocity [66]. 

Whereas ions can penetrate up to 30 𝑐𝑚 deep into the tissue, photons lose too much 

of their energy to the surrounding tissue on the way to the tumor and are most 

effective at a depth of approx. 3 𝑐𝑚 [67]. Depending on the type, size and location of 

the tumor and also the constitution of the patient, each radiation therapy is adapted 

to the patient. The deposition of a certain amount of radiation into matter induces 

different types of reactions depending on the type and energy of radiation. The DNA 

in the cell nucleus can be damaged directly and indirectly as described in chapter 2.2.1. 

Treatment with radiation affects healthy and malignant tissues, but the sensitivity can 

be increased towards tumor cells. A combination of chemo- and radiotherapy can 

increase the DNA radiation damage by using tumor therapeutics administered at the 

same time, which show an additive effect in combination with radiation. Since cancer 

cells have a faster metabolism and a higher nutrient uptake than healthy cells, these 

cells tend to accumulate the drug. Whereas, the most common clinically applied 

therapeutics are DNA intercalators and halogenated nucleosides. There are various 

DNA binders like platin (Pt) based drugs or small planar aromatic molecules, which 

bind noncovalently to the DNA and interrupt natural biological functions. The 

halogenated nucleotides, especially the fluorinated therapeutics, have proven to be 

another chemotherapeutic with enhanced radiosensitivity  of hypoxic cells [68]. 
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2.4.1 Fluorinated Radiosensitizers 

DNA has a well-organized secondary structure and every change in molecule 

structure can vary the DNA conformation. For this reason, chemotherapeutics must 

be similar in structure to the usual DNA components in order to be integrated into 

the natural DNA. In medical studies, the fluorinated nucleosides 

Fludarabine  (F- ara)  [69], 5-Fluorouracil (5FU) [70] and Gemcitabine (Gem) [71] are one 

of the main chemoradiotherapeutic drugs.  

 

 

The fluorine substitutions mimic uptake and metabolism of natural 

nucleosides, but ultimately cause cell death [72]. As fluorine (F) is the second smallest 

atom, it can simply be substituted for hydrogen (H) or hydroxyl group (OH) on the 

nucleobase or sugar unit and imitate them. With attaching an F atom to the 2'- or 3'-

position of the sugar unit, the chemical stability in an acidic environment is increased 

[73]. Fluorinated nucleosides are considered as good electron scavengers due to the 

fluorine atom with its high electronegativity (electrophilic). After intracellular 

uptake, the effect of these radiosensitizers is the inhibition of DNA replication by 

various reaction mechanism. Gemcitabine in particular is metabolized to active 

mono-, di- and triphosphate and is incorporated into the DNA competitively to 

Figure 2.9 Chemical structures of a) Fludarabine (F-ara), b) 5-Fluorouracil (5FU), c) 

2- Fluoroadenosine (2FA) see chapter 4.4, d) Gemcitabine (Gem) and e) 2'-fluoro-2'-

deoxycytidine (dFC). 
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deoxycytidine triphosphate [68], [74]. Using low-energy electrons close to 0 eV, it was 

shown that mainly the N-glycosidic bond is cleaved and the remaining anions are 

stabilized by the fluorine substitution on the sugar unit [75]. Moreover, DNA is 

stabilized by hydrogen bonds, with F being a good hydrogen acceptor and forming a 

strong C-F bond.  

Fluorouracil (5FU) is a listed (WHO) anti-cancer drug for over 60 years [76]. It is 

a thymidine synthase inhibitor by stopping the 5'-C-methylation of 

2'- deoxyuracilmonophosphate to 2'-deoxythyminemonophosphate. Since the 

conversion is blocked, the DNA replication is inhibited and the accumulation of cells 

in the early S phase of the cell cycle is prevented [68]. The much greater effect of 5FU 

comes from preventing DNA double strand break repair, which usually leads to cell 

death. 

In addition, Fludarabine (F-ara) is one of the most important anti-cancer drug 

with an arabinose sugar unit [69]. It is a water-soluble prodrug and can be easily 

transported into the cell, where it is then activated by the deoxycytidine kinase to the 

triphosphate derivative. Further, they can incorporate into newly synthesized DNA 

resulting in chain termination. After activation it inhibits DNA synthesis by inhibiting 

DNA polymerase, DNA ligase, DNA primase and ribonucleotide diphosphate 

reductase [77]. The modification of F-ara to Clofarabine (Cl-ara) is a new-generation 

nucleoside analog with stronger enzyme inhibition and longer intracellular retention 

for acute lymphoblastic leukemia [78]. The phosphorylation of Cl-ara by 

deoxycytidine kinase in the cell is substantially more efficient than that of F-ara and 

results in more efficient cell death by blocking the DNA synthesis [79]. 

Halogenated nucleobases show intense DEA resonances at various electron 

energies in the gas phase, but it is inherently difficult to investigate the influences of 

halogenated nucleobases on the DNA strand breakage towards electron energies in 

which DEA can take place. Therefore, the DNA origamis are used as platforms to 

introduce halogen modified DNA nucleotides, which are examined towards low-

energy electron induced DNA strand breakage. In DEA studies with DNA building 

blocks a transfer mechanism of the excess charge from the nucleobase to the DNA 

backbone was proposed [80]. Calculations on cytosine nucleotide predict a coupling 

of the 𝜋∗ orbital of the cytosine with a 𝜎∗ orbital of the deoxyribose phosphate C-O 

bond [81]. This means, that an electron captured by the nucleobase causes a strand 

break between the sugar and the phosphate group (fig. 2.10). However, the reaction 

rate of the DNA strand break induced by the electron deposition in the 𝜋∗orbital in 
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the base is rather low compared to autodetachment. Therefore, electron attachment 

directly to the DNA backbone is more likely and more effective at very low energies 

[82]. The investigation of vertical and adiabatic potential surfaces of water solvated 

5’- thymidine monophosphate anions suggest strand breaks by directly electron 

attachment to the phosphate group [83]. 

 

Therefore, a radiosensitizer with a modification close to the C-O bond in the 

DNA backbone is beneficial. Both, 5FU and F-ara are fluorine substituted nucleotides 

with modification on the DNA base. For this reason, radiosensitizers such as 

Gemcitabine (2',2'-difluoro-2'-deoxycytidine) have been developed that have the 

fluorine substitution directly on the deoxyribose in the DNA backbone (fig. 2.9d). 

Gem is actually used as a medication to treat breast, ovarian, non-small cell lung, 

pancreatic and bladder cancer [71] without tissue irradiation. Hydrophilic Gem is 

transported into cells for nucleosides and is then catalyzed by the enzymes to 

gemcitabine triphosphate and can mimic deoxycytidine triphosphate [84] to inhibit 

the DNA reproduction [85]. However, it can also be used as radiosensitizer and cell 

toxic agent in medicine [86]. It has become the standard treatment choice for locally 

advanced and metastatic pancreatic cancer [87]. In this work 2'-fluoro-2'-

deoxycytidine (dFC) was used (fig. 2.9e) as a Gem analogue. In contrast to Gem, dFC is 

singly fluorinated on the deoxyribose sugar. Additionally, it can be easily introduced 

Figure 2.10 Single stranded DNA containing two arbitrary nucleobases. A possible DNA 

single strand break can either be induced by a low energy electron captured directly by the 

backbone (red) or by attachment to the nucleobase (blue) with subsequent charge transfer to 

the C-O bond in the backbone. 
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into customized DNA oligonucleotides and therefore be investigated by the DNA 

origami technique. 

2.4.2 DNA binders 

The DNA can directly harmed by ionizing radiation, where two thirds of the 

DNA radiation damage is caused by secondary species (indirect damage) generated 

through the radiolysis of water molecules in the cells [88]. A variety of experiments, 

like gas phase DEA setups and condensed phase with DNA monolayers on gold 

surface [89], DNA building blocks and plasmid DNA [90] and well known DNA 

single and double strands attached to DNA origamis nanostructures [10] show the 

major DNA damaging effect of generated LEEs. In addition to LEEs, singlet 

oxygen 1O2 [91], the first excited electronic state of molecular oxygen 3O2, is a 

significant molecule studied in organic synthesis, due to its characteristic oxygenation 

reactions. Its key role in cell death mechanisms led to its use in photodynamic therapy 

(PDT) for several types of cancer and other disease. Cancer cells are often hypoxic in 

comparison to healthy oxic cells, which results in a lower sensitivity to ionizing 

radiation than normal tissue [92]. Hypoxic cells are characterized by a low level of 

oxygen with less amount of 1O2 during the irradiation in PDT [93]. PDT is a method 

for the treatment of tumors and other tissue changes such as new vascular formations 

with light in combination of a light-activated substance, named as 

photosensitizer (PS), and oxygen present in the cell. The high concentration of oxygen 

in air is a perfect source that can be excited to the reactive singlet state. Therefore, the 

concentration of oxygen in the cells is increased by exposing oxygen-rich air to the 

patient before radiation treatment. Generation of singlet oxygen in a controlled 

manner presents some challenges because of the highly forbidden electric dipole 

process. Tørring et al. studied the generation, lifetime and reactions of singlet oxygen 

with DNA based systems on DNA nanostructures by selectively controlling the 

generation of 1O2 [94]. The authors placed a DNA oligonucleotide attached to a 

porphyrin-based PS on a DNA nanostructure to convert 3O2 to 1O2 upon UV-Vis 

irradiation. Attaching a complementary DNA strand modified with a quencher can 

effectively quench the production of singlet oxygen.  

Many PS have been synthesized to target the DNA grooves for the use in 

medically approved PDT. The photodynamic therapy is suitable for large and deep 

tumors in the human body and relies on the bioavailability of PS with photophysical, 

chemical and biological properties such as non-toxicity to induce cellular and tissue 

effects, water solubility and a high DNA groove binding affinity. The 
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photocytotoxicity of DNA binding agents especially against cancerous cells is due to 

the transformation from its singlet ground state into a relatively long-lived excited 

triplet state by light absorption. During its lifetime it can undergo direct reaction with 

a substrate, such as cell membrane components or DNA compounds to form radicals. 

Alternatively, the excited triplet state can be quenched by triplet oxygen 3O2 forming 

1O2 by energy transfer. The highly reactive radical is formed close to the light 

absorbing PS and the biological response to the PS evolves only in those areas of tissue 

that have been exposed to radiation. This aspect accounts for less side effects of PDT 

than those of other chemotherapies. The right choice of the PS is of great importance, 

since the formation of the reactive oxygen species and the binding to the DNA 

grooves within the cells must be ensured. Ray et al. investigated the light-induced 

oxidative damage of DNA origami nanostructures by coupling photoactive C60 to the 

DNA [95]. They covered the DNA nanostructures with C60 aqueous solution and 

observed a morphology change of the substrates upon visible light irradiation via 

time-laps AFM imaging. By using the DNA origami technique, the damaging effect 

of PS can be examined on single and double stranded DNA in aqueous solution and 

in dry state (chapter 4.6). In the present work, two photosensitive DNA anthracene 

derivatives (non-planar (ANT994) [96], [97], [98] and planar 

(ANT1083) 9,10- methylpyridiniumanthracene derivatives) and a chromium-(III)-

complex ([Cr(ddpd)2][BF4]3 (ddpd = N,N’-dimethyl-N,N’-dipyridin-2-ylpyridine-2,6-

diamine) [99], [100], [101]) are examined to observe its damaging effect to DNA 

oligonucleotides (fig. 2.11). 

 

Figure 2.11 Molecular structures of the DNA binders a) [ANT994], b) [ANT1083] and 

c) [Cr(ddpd)2][BF4]3. 
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3 Determination of LEE induced strand break cross 

sections by AFM 

The combination of DNA origami nanostructures with AFM analysis [10] 

allows electron irradiation experiments of single and double stranded 

oligonucleotides with a maximum of 20 – 30 nucleotides at specific electron energies. 

Chapter 3 describes the experimental details of the sample preparation of DNA 

origami nanostructures (chapter 3.1), the irradiation setup in a high vacuum 

chamber (chapter 3.2), the irradiation procedure (chapter 3.3) the imaging via AFM 

(chapter 3.4) and the evaluation and comparison of manual and software analysis 

(chapter 3.5). 

3.1 Sample preparation 

The preparation of the DNA origami triangle is a one pot synthesis in a self-

assembly process. A stock solution is prepared by mixing 3 µL of each of the 206 

staple strands (metabion GmbH, HPLC purity) having a concentration of 100 nM. For 

the DNA origami preparation, 30 µL of stock solution, 5 µL of 100 nM viral scaffold 

strand (M13mp18, tilibit nanosystems GmbH) and 10 x TAE (TRIS(0.4 M)-Acetate(0.2 

M)-EDTA(0.01M))-buffer with 150 mM MgCl2 . 6 H2O (Sigma-Aldrich) are added to 

55 µL of deionized water (purified with a MilliQ). TRIS is known as 

tris(hydroxymethyl)aminomethane and the hexadentate ligand EDTA as 

ethylenediaminetetraacetic acid. The stock mixture with a total volume of 100 µL is 

heated up to anneal from 80 °C in a stepwise manner over 2 h to 6 °C with a 5-Prime 

thermocycler (Techne). Subsequently, the DNA origami solution was filtered three 

times with 300 µL of 1 x TAE-buffer with 15 mM MgCl2 . 6 H2O at 3.5 g for 6 minutes 

in a 0.5 mL Ultracel-100 kDa centrifugal filter (Amicon) in a Herafus Fresco 17 

centrifuge (Thermo scientific). The filtrate was isolated afterwards in a new tube with 

4.7 g over 3 minutes. After filtration, the DNA origami solution has a concentration 

between 30 and 60 ng/µL and was deposited on a silicon substrate. Silicon wafers 

(Siegert wafer), p-type, boron doped, (100) orientation, were cut in 8 x 8 mm² pieces 

marked with a central cross and cleaned with air plasma (diener scientific) for 

5 minutes. Subsequently, 1 µL of the freshly prepared DNA origami nanostructures 

were deposited in the middle of the cross marker on the silicon substrate together 

with 15 µL of 10 x TAE-buffer with 150 mM MgCl2 . 6 H2O and incubated for 1 h at 

room temperature. To prevent additional drying effects, the substrates are placed in 
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a chamber containing 10 mL of 96 % ethanol (EtOH) (Sigma Aldrich) to maintain high 

humidity. Afterwards, the samples are cleaned once with 1:1 mL deionized 

H2O/EtOH and instantly placed in 96 % EtOH for 1 h to get rid of the remaining water 

in the DNA origami structures. The remaining solution on the samples are blown dry 

with compressed air and are then ready for the irradiation in the vacuum chamber 

(chapter 3.3). 

3.1.1 Modification of the DNA origami triangle 

For the DNA origami technique two aspects are important: First, the 

modification of the DNA origami triangle with different DNA oligonucleotide target 

sequences plays a major role. The modification is done by exchanging the original 

staple strand with an extended and biotinylated oligonucleotide target sequence 

before the self-assembly process in the thermocycler. Figure 3.1 illustrates the 

different modifications of the DNA origami triangle (grey) with the different single 

strands (purple, turquoise and red) and double stranded DNA hairpins (black) with 

the terminal (green) and intrastrand attachment of the biotin (Bt) molecule (light 

blue). The latter is very important for the detection of the intact DNA strands in the 

AFM analysis (chapter 3.4).  

  

Second, the identification of the two different target sequences on the DNA 

origami triangle in a single irradiation experiment is very important. Since the 

triangle is made out of three connected trapezoids with a symmetric geometry the 

identification is not self-explanatory. Figure 3.2 shows one trapezoid of the original 

Rothemund triangle with the unmodified staple strands (orange) and its direction 

from 5’ →  3’, the scaffold strand M13mp18 (blue) and the modified positions for the 

Figure 3.1 Scheme of the used modifications of the DNA origami triangles with i) terminal 

biotin modification of T-Bt, ii) intrastrand biotin modification of the DNA hairpin loop HP-Bt, 

iii) ssDNA 5’-d(CAC)4, iv) ssDNA 5’d(GTG)4, v) dsDNA HP-1 5’-d((CAC)4T(Bt-dT)(GTG)4) 

and vi) variation of the sequence length n of ssDNA XY. The arrangement of the DNA 

modifications on the DNA origami triangle is only shown arbitrarily. 
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ssDNA and dsDNA (green and black circle). The triangular nanoarray can carry a 

maximum of six target sequences, whereby there are always two different DNA 

sequences on one trapezoid of the triangle. To distinguish each side of the triangle in 

the AFM images, the target oligonucleotides are placed in an asymmetric shape. On 

one trapezoid two protruding strands are attached, whereas one is placed in the 

middle (black) and one on the side position (green) with a distance of approximately 

30 nm. The side position can be either on the left or on the right side, depending on 

the orientation of the triangle. The asymmetric pattern is identical for all trapezoids 

in the DNA origami triangle (fig. 3.2). This makes it easy to identify the DNA 

oligonucleotide spots at any time. 

  

3.2 High vacuum chamber setup for LEE irradiation 

A vacuum chamber with an electron gun suitable for these applications was 

manufactured and used for the irradiation experiments of DNA oligonucleotides [16]. 

3.2.1 Setup 

The LEE irradiator consists of a DN100 six-way cross housing with CF flanges 

and copper sealings to prevent degassing (fig. 3.3f red). The chamber is constructed 

as small as possible, to reduce the evacuation and venting time. A dual stage rotary 

vane pump (Agilent DS 102) generates a pre-vacuum with a circular rotor located 

offset in a circular cavity. The rotation transports silicon oil from the inlet towards a 

chamber of increased volume through the outlet with the same volume and creates a 

pre-vacuum in this setup up to 1.0 . 10- 2 mbar. This pre-vacuum can start the 

turbomolecular pump (Agilent TwissTorr 304 FS) on the backside of the chamber, 

Figure 3.2 Schematic map of one of the three trapezoids of the original Rothemund DNA 

origami triangle with the staple (orange) and scaffold strand (blue) after the self-assembly 

process. The circled areas mark the positions of the modifications with ssDNA and dsDNA 

for the irradiation experiments on the side (green) and the middle positions (black). 
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which generates the necessary pressure for the irradiation experiments to a minimum 

of 4.0 . 10-8 mbar within 24 h (fig. 3.3f dark blue). The principle of the turbomolecular 

pump is based on a rapidly spinning set of rotor fans (fig. 3.3b) at the inlet giving the 

gas molecules a momentum towards the exhaust. The particle-surface interactions 

between the gas molecules and the moving fans generates the high vacuum inside the 

chamber. To control the pressure during the measurement, a pressure gauge is 

connected through a T-flange at the bottom of the table. The pressure gauge 

consisting of a combination of a pirani and ionization pressure gauge (Agilent FRG-

700 CF35) must be placed as far away as possible from the electron gun (chapter 3.2.2), 

because of the surrounding magnetic field of the gauge (fig. 3.3f dark green). A 

magnetic field, even if it is very small, can influence the properties and effectiveness 

of the electron gun. By thermal conductivity of a platinum filament in a wheatstone 

bridge inside of the chamber, the pirani gauge measures the pressure up to 10- 4 mbar. 

Going to lower pressure values, the pressure gauge is switching automatically to the 

ionization gauge and is able to detect pressure values up to 10-9 mbar by a cold 

cathode. Within four hours, the whole chamber can be carefully vented via ultra high 

vacuum (UHV) dosage valve with a gas inlet and sapphire seal (Vacom 11LVM-

4016CF-MS-S) connected to the DN40 T-flange (fig. 3.3f light blue). The soft 

ventilation is ensured by two 90° angle connections to avoid fast entering of gas 

molecules and hitting the DNA origami sample too hard. A custom-built octagonal 

sample holder (fig. 3.3d and e) is vertically aligned to the electron gun. It is insulated 

with a ceramic between two metal rods and electrically connected via a copper sliding 

contact and a BNC feed through (fig. 3.3f light green) with a picoamperemeter (PIA) 

(Keithley 6485E). This connection enables a real-time measurement of the current 

during irradiation of different samples. The z-translator (fig. 3.3f yellow) and 360° 

rotator (fig. 3.3f orange) enables a perfect alignment of the electron beam on the 

sample. For sample analysis, the beam profile is essential and has to be characterized 

(chapter 3.2.3) for each electron energy. With the sample stage, only the entire current 

(𝐼S) can be measured and the beam characterization is not possible. Therefore, a 

Faraday cup (FC) (fig. 3.3c) was constructed by Miloš Lj. Ranković to measure the beam 

profile in detail [16]. Compared to the sample stage, the inside of the FC is isolated 

with two teflon rings and has a grounded housing. An 8 mm diameter hole in the 

aluminum housing allows to collect the complete electron beam (𝐼FC). To determine 

the beam profile, a cover with a central hole of 1 mm diameter can cover the FC to 

measure parts of the whole beam (𝐼i) (chapter 3.2.3 and 3.2.5). 
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3.2.2 Electron gun 

In general, a flood gun is intended to provide a steady flow of high electron 

currents of LEEs resulting in a large electron distribution. However, an almost 

uniform electron beam with a current in the nanoampere (nA) range is required for 

the present DNA irradiation experiments. For this reason, a conventional flood gun 

(Omnivac FS100) was modified to prevent excessive electron flow and the resulting 

charge of the sample  (chapter 3.2.4) [102]. The flood gun is fixed via an asymmetric 

reduction flange (DN100 to DN40 and DN16) to the vacuum chamber and pointing 

to the sample holder.  Figure 3.4 shows the model of the customized electron gun 

with a tungsten filament (FIL) (white) and its four electrostatic lenses. A technical 

Figure 3.3 Model of the vacuum chamber (f) from Rackwitz et al. with the z-translator (yellow), 

360° rotator (orange), the valve (light blue) and the pressure gauge (green). The gas inlet for 

soft ventilation (a), cross section of the turbomolecular pump (b), the Faraday cup (c) and the 

isolated sample holder from side (d) and top view (e). Image is adopted from ref. [15]. 
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drawing of the circuit of the electron gun is shown with all values (tab. 7.3) in 

figure 7.2. The FIL is a hot cathode and emits electrons due to thermionic emission. It 

is operated at 2.1 A and is powered by a GW Instek GPD-2303S power supply. To 

control the emission current from the FIL, a multimeter (EMS) is connected. A hollow 

cylinder, called Wehnelt cylinder (WEH) (fig. 3.4 dark blue), with an aperture 

encloses the FIL. It is a convergent lens that suppresses emission of electrons from 

most areas of the cathode and is biased to a negative voltage relative to the FIL. The 

extractor (EXT) (fig. 3.4 light blue) as the second electrostatic lens is focusing the 

electron beam again and is set to 65 V voltage. EXT is fixed and isolated with two 

ceramic rings from the WEH and anode (ANO) (fig. 3.4 green). In order to accelerate 

the electrons to the sample and defocus the beam again, a small potential was applied 

to the third electrostatic lens ANO. Defocusing is necessary to enable a homogeneous 

electron beam on the sample. With decreasing kinetic energy of the thermionically 

emitted electrons, the voltage at ANO needs to be reduced to decrease the defocusing 

effect. This results in an increasing number of electrons on the sample. Therefore, the 

potential of ANO has to be adjusted for every kinetic energy of the electrons to keep 

the current on the sample constant. The last electrostatic lens represents the shutter 

(SHT) (fig. 3.4 red) and is positioned in front of the electron gun with two ceramic 

spacers. By applying a voltage of 14 V (Voltcraft VSP 2653) to the SHU, the electron 

beam can be completely defocused. In result, electrons can no longer reach the 

sample, which is important for the irradiation time of the individual samples. If the 

SHU is grounded, all electrons can pass through the opening hole (4 mm) as desired. 

So, the beam is shaped according to the selected settings of the individual 

components. 

 

a) b)

Figure 3.4 a) Model of the customized electron gun with the filament (white), Wehnelt 

cylinder (blue), extractor (light blue), anode (green) and the shutter (red). SHU is isolated with 

a ceramic ring (orange). Image is adopted from ref. [15] b) Scheme of the simulated electron 

beam through the electrostatic lenses in the flood gun. 
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3.2.3 Characterization of the electron beam 

Another important aspect besides the selected settings for the electrostatic 

lenses is the electron beam characterization. For sample analysis, the current 

determination of the silicon substrate in a total area 𝑍total is necessary. Therefore, the 

beam profile must be determined and characterized with a modified FC in the 

vacuum chamber. The FC is mounted to the rotator/translator and its opening 

(0.8 cm) is covered by a panel with a centered hole with a diameter of 0.1 cm. Thus, 

parts of the beam at a defined area 𝑍i can be determined by moving the FC vertically 

through the beam with increments of 0.2 mm height ℎ. The measured current 𝐼i is 

averaged at each ℎ for 15 seconds. Figure 3.5 shows the plot of the corresponding 

current and error as a function of the ℎ coordinate of the FC position (settings for 7 eV 

electron energy). Due to the Gaussian shape of the electron beam, more electrons 

reach the sample at the central region (fig. 3.5 green) than the outer region (fig. 3.5 

light blue). The position ℎ = 0 mm represents the center of the beam with the 

maximum current value. Due to the very short exposure times, the current on the 

samples can be assumed to be constant and homogeneous within one area 𝑍𝑖, what 

makes the following assumptions and calculations possible. The 2D beam profile 

(fig. 3.5a) is assumed to have rotational symmetry with a total area 𝑍total and can be 

divided into discrete, non-overlapping areas 𝑍i (fig. 3.5b). Due to the 0.1 cm hole of 

the aperture on the FC, each 𝑍i is defined as a discrete circle with a diameter 𝑑i of 

0.1 cm resulting in a radius 𝑟i of 0.05 cm. Each area is small enough to assume a 

homogeneous current 𝐼i, which is necessary for the fluence calculation in chapter 

3.2.5. The center of each circle has a distance 𝑘i to the center of the total beam area 𝑍A . 

With the help of the coordinates y and z and the Pythagorean theorem (eq. 3.1) the 

corresponding 𝑘i of each circle can be calculated. The distance calculation enables the 

determination of the current 𝐼i within each associated area 𝑍i. 

𝑘i =  √𝑦i
2 + 𝑧i

2        (3.1) 

Nevertheless, the subdivision of the beam profile into discrete circles does not 

cover the entire beam profile and has not considered areas in-between the circles. 

Hence, the circles are transferred into squares with the area 𝑍i
s = 𝑑i

2 (eq. 3.2). The area 

of the circle 𝑍i is defined as 𝑍i = 𝜋𝑟i
2, with 2𝑟i = 𝑑i. Accordingly, the current value of 

the circle 𝐼i can be transformed to the current value of the square 𝐼i
s by multiplying 

with 
4

𝜋
 (eq. 3.3). 

𝑍i
s = 𝑍i ∙

4

𝜋
        (3.2) 
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𝐼i
s = 𝐼i ∙

4

𝜋
        (3.3) 

The total current 𝐼total is obtained by summing up all 𝐼i in all 𝑍i and 

multiplying with the factor 
4

𝜋
 (eq. 3.4). 

𝐼total = ∑ 𝐼i
si

n=0         (3.4) 

Due to the Gaussian shape and the rotational symmetry of the electron beam, 

the current percentage 𝐼% in any 𝑍i
s can be calculated from the total current 𝐼total and 

the current 𝐼A
s  in area 𝑍A

s . 

 𝐼% =
𝐼A

s

𝐼total
         (3.5) 

In this work, irradiation experiments were made with an electron energy 

between 5 and 20 eV. Since the profile slightly changes during the lifetime of the 

filament, the beam profile is measured several times.  

3.2.4 Settings of the electrostatic lens 

For the electron irradiation experiments it is of great importance to determine 

the electron beam on the silicon sample in detail. According to that, the settings of 

each electrostatic lens (WEH, EXT, ANO) and the beam voltage (ENG) have to be set. 

 

Figure 3.5 a) Measured current 𝑰𝐢 as a function of h in 0.2 mm steps with the faraday cup gives 

the 2D beam profile at 7 eV electron energy.  The measured current 𝑰𝐢 averaged at each 𝒉 for 

15 seconds. b) Schematic drawing of the total beam profile 𝒁𝐭𝐨𝐭𝐚𝐥 on the sample with one 

discrete area 𝒁𝐢 with a distance of 𝒌𝐢 to 𝒁𝐀. Blue circles represent the measured current 𝑰𝐢 along 

the z-axis of the FC. Green circle shows the area  𝒁𝐀 with a homogeneous current for the fluence 

calculation. The conversion from a circled area 𝒁𝐢 to a square are 𝒁𝐢
𝐬 with a diameter of 𝒅𝐢. 
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The settings should be optimized for each electron energy (5 – 20 eV), to obtain an 

electron beam with a small current (2-4 nA) measured at the sample. 

When the electrons hit the silicon surface, a repulsive potential is generated 

by a charging of the sample substrate, which lowers the actual electron energy. By 

measuring the current on the sample 𝐼S while increasing the voltage of ENG, the 

charging of the silicon surface can be detected (fig. 3.6). 

 

 

Due to the charge of the substrate, no electrons can be detected below 2 V. 

Above 2 V, electrons can pass the silicon surface and a current can be measured. 

Furthermore, increasing of ENG results in a gradual increase of the current implying 

a finite energy distribution of the electrons. The maximum of the 1st derivative of the 

current-energy curve represents the point of zero energy. This value was changed 

from 2 V to 3.2 V from previous experiments [16]. The energy distribution can be 

obtained from the full width at half maximum (FWHM) of the gauss fit of the 

1st derivative of the measured current (fig. 3.6). The used setup and the corresponding 

settings give rise to an electron energy distribution of 1.2 ± 0.07 eV. This electron 

resolution must be considered in the experiments and discussion of the results.  

Figure 3.6 Plot of the charging effect of a silicon surface measured with a silicon sample 

attached to the sample holder (blue). From the first derivative of the current (red) the energy 

distribution of 𝟏. 𝟐 ± 𝟎. 𝟎𝟕 𝐞𝐕 of the electron beam. 
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3.2.5 Fluence determination 

The fluence 𝐹 of the electron beam describes the total number of electrons 𝑛e 

in a certain irradiation area of the circle 𝑍i (eq. 3.6). 𝑛e is given by the irradiation time 

𝑡 and the current 𝐼 and the elementary charge 𝑒 (eq. 3.7).  

𝐹 =
𝑛e

𝑍
; [𝐹] =

1

[𝑐𝑚2]
       (3.6) 

𝑛e =
𝐼 ∙ 𝑡

𝑒
; [𝑛e] =

[𝐴] ∙ [𝑠]

[𝐶]
       (3.7) 

𝐹 =
𝐼 ∙ 𝑡

𝑒

𝑍i
;  [𝐹]

[𝐴] ∙ [𝑠]

[𝑐]

[𝑐𝑚2]
= [𝑐𝑚−2]      (3.8) 

The elementary charge 𝑒 is the magnitude of the negative electric charge 

carried by a single electron transported by a constant current of 1 ampere (A) in 

1 second (SI unit 1C = 1 As). It is a fundamental physical constant under the 2019 

redefinition of the SI base units and is exactly 1.602 ∙ 10−19Coulomb (C). For the 

calculation of the relative fluence 𝐹, the measured current has to be converted into 

the elementary charge per second (eq. 3.10). Consequently, 1 nanoampere (1 𝑛𝐴 =

10−9 𝐶

𝑠
) corresponds to 6.242 ∙ 109 electrons illuminating the surface per second 

(eq. 3.11). 

1𝐴 = 1
𝐶

𝑠
        (3.9) 

1𝐶 =
1

1.602
 ∙  1019𝑒        (3.10) 

1 𝑛𝐴 = 10−9 𝐶

𝑠
= 10−9 ∙

1

1.602
∙ 1019 𝑒

𝑠
= 6.242 ∙ 109 𝑒

𝑠
   (3.11) 

𝐹 =
𝐼∙6.242∙109∙ 𝑡

𝑍i
;  [𝐹] =

[𝑛𝐴] ∙[
𝑒

𝑠
] ∙[𝑠]

[𝑐𝑚²]
= [𝑐𝑚−2]    (3.12)  

Some electrons hitting the surface might get reflected and are not detected by 

the current measurements. To accurately determine 𝐹 not only the measured current 

𝐼Si must be considered, but the absolute current 𝐼FC = 𝐼Si + 𝐼R, where 𝐼R is the current 

which is reflected from the substrate and 𝐼FC is the current measured by an FC. In 

order to obtain 𝐼FC  from 𝐼Si measurements, a factor 𝑓 is determined for each electron 

energy (5-20 eV) (tab. 7.3).     

𝑓 =
𝐼FC

𝐼Si
        (3.13) 

The reflected current 𝐼R can even get larger than 𝐼FC when the incident 

electrons generate enough secondary electrons from the metal surface. In our case a 

value for 𝑓 close to 1 is determined for 20 eV electron energy. Presumably, the 

coefficient for the secondary electron emission becomes greater 1 from higher electron 
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energies. In result, the factor 𝑓 represents the ratio between the measured electrons 

by an FC and the transmitted electrons through a silicon chip and gives the absolute 

fluence 𝐹FC.  

𝐹FC = 𝐹 ∙ 𝑓        (3.14) 

During irradiation, the total current 𝐼total is measured in real time and is 

corrected by the electron energy dependent factor 𝑓. If 𝐹 is obtained with the total 

current 𝐼total from the total square area 𝑍total
s , an average value for 𝐹 results because 

of the Gaussion shape of the electron beam. The sample surface is only analyzed using 

AFM images of 4 𝑥 4 𝜇𝑚² within the area 𝑍A. Since only a small fraction out of the 

total irradiation area 𝑍total can be analyzed a precise determination of 𝐹 at the AFM 

position is necessary. Therefore, the current percentage 𝐼% must be included in the 

fluence calculation. The final equation 3.15 to determine the absolute fluence 𝐹 takes 

the current percentage 𝐼% from the area 𝑍A
s  and the factor 𝑓 for the reflecting electrons 

into account. 

𝐹FC[𝑐𝑚−2] =
𝐼%∙[6.242∙109]∙ 𝑡

𝑍i
∙ 𝑓      (3.15) 

3.3 Irradiation of samples 

The custom-built sample stage is made out of a metal block with an octagonal 

base and is insulated from the chamber with a ceramic between two metal rods. For 

real-time current measurements, the sample stage is electrically connected via a 

copper sliding contact (DN16 ring) and a BNC feed-through to a picoamperemeter 

(Keithley 6485E). A maximum of eight Si/SiO2 (8 x 8 mm²) samples can be fixed with 

copper conductive tape. In order to place the electron beam in the middle of the 

samples, the sample holder is aligned vertically and horizontally using a z-translator 

(50 𝑚𝑚 maximum travel distance) and a 360° rotator. The current 𝐼Si is measured in 

real-time during irradiation of each sample. 

The irradiation experiments always follow the same pattern, in which at least 

one series of each DNA origami sample modified with two different target DNA 

sequences is irradiated. Each series contains eight samples, six of these samples are 

irradiated at different fluences (10 𝑠, 20 𝑠, 30 𝑠, 40 𝑠, 50 𝑠 and 60 𝑠 irradiation time) 

and two non-irradiated control samples, whereas one is located inside of the vacuum 

chamber. This gives us the opportunity to investigate the vacuum effect and that of 

the scattering electrons. The respective number of irradiated samples strongly 

depends on the quality of the samples and the population density of the DNA 
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origamis on the silicon surface (chapter 3.5). During irradiation procedure, fluences 

below 3 ∙ 1013 𝑐𝑚−2 are used to avoid saturation of DNA strand breaks at higher 

fluences. Saturation is caused by interstrand crosslinks between DNA target 

sequences and the DNA origami, which can no longer be detected as DNA strand 

break. 

3.3.1 Irradiation procedure 

The electron beam is controlled by a custom-built electron beam shutter (SHU) 

with a 4 mm diameter aperture positioned in front of the electron gun with ceramic 

spacers (fig. 3.4a). By applying a voltage of 14 V to the electrostatic lens, the electron 

beam will be completely defocused and no electrons can pass. If SHU is grounded, 

the blocked electrons can pass through the shutter to the samples again. The SHU is 

necessary to block the beam path for positioning a non-irradiated sample in front of 

the electron beam by rotating the sample stage. A strong decrease of the current was 

measured within the first few seconds on the sample after grounding the SHU again 

(fig. 3.7a). This drop is caused by the jammed electrons, which pass through the SHU 

after opening. In order to prevent this case, irradiations were carried out with the 

SHU open and a 2 𝑠 window for the sample change was accepted in which the current 

measurement was interrupted. Since all samples go through the same procedure, 

these additional electrons can be neglected and the effect of the scattering electrons 

on the fluence is higher for shorter irradiation times. In result, a more constant and 

homogeneous electron current is measured (fig. 3.7b). 

 

Figure 3.7 Measured current on the sample stage with closed (a) and open (b) SHU during 

rotation of the sample holder to a non-irradiated sample. 

 



3 Determination of LEE induced strand break cross sections by AFM 

39 

 

For the electron irradiation experiments, currents in the low nanoampere 

range of 2 − 4 𝑛𝐴 are required. The filament FIL (hot cathode) is operated with a 

current of 2.1 A and is immediately at operating temperature after switching on. The 

other electrostatic lenses (EXT, ANO, WEH and FIL) and the surroundings warm up 

slowly. Figure 3.7 shows the real-time beam current during a long period of the 

electron gun. Very high electron currents of up to 25 𝑛𝐴 are obtained at the beginning 

of the warm-up period, whereas a rapid drop in the beam current from around 20 𝑛𝐴 

to 2 − 5 𝑛𝐴 occurs and remains stable for hours. This is caused by the thermal 

evaporation of residues on the FIL and surroundings. In order to obtain a stable and 

focused electron beam, a warm-up period of exactly 30 minutes is used. Longer 

periods are not recommended as scattering electrons and heat emitted by the electron 

gun can damage the DNA origami nanostructures without being noticed. 

3.4 The DNA origami technique 

According to the original protocol by Rothemund [30], DNA origami triangles 

were used for the DNA origami technique established 2012 by Keller et al. [10] with 

specially designed oligonucleotides as target sequences. The DNA origami technique 

is used to determine absolute cross sections of LEE induced DNA strand breaks. This 

method has several advantages compared to other experimental approaches: 

(i) Maximum sensitivity can be achieved with only small quantities of material. 

(ii) Within a single irradiation experiment, two different oligonucleotide sequences 

can be directly compared under the same experimental conditions. (iii) The 

determination of absolute DNA strand break cross sections for arbitrary DNA 

sequences. (iv) The DNA nanoarrays can be modified with ssDNA [12], dsDNA or 

higher-order DNA structures like DNA telomer sequences [13]. (v) Application with 

many different radiation sources such as UV radiation [11], X-rays and especially LEE 

radiation  is possible. These properties give us the opportunity to study interactions 

of different well-defined DNA molecules with LEEs of varying electron energies. 

DNA origami nanostructures are available in almost arbitrary shapes, with the 

triangular shaped DNA origami being particularly favorable for the method, since 

they adsorb very well on the silicon substrates with high stability in shape. They have 

also a small tendency to form clusters, because there are no blunt ends pointing out 

of the nanostructure. A good and precise addressability can be achieved, which 

facilitates modification with multiple DNA strands. 
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Figure 3.8 shows the experimental procedure to determine the absolute cross 

section of DNA strand breakage with DNA origami nanostructures carrying the DNA 

target sequences. Depending on the selected electron energy and irradiation time, 

more or less DNA strands are broken during the irradiation process in the vacuum 

chamber. The damaged DNA strands are shown as short green and black lines, which 

no longer have the terminal Bt molecule (light blue triangle). The intact DNA target 

sequences are visualized for AFM images by incubation with streptavidin (SAv). The 

streptavidin-biotin-bond is one of the strongest known non-covalent interactions in 

nature, which exhibits a dissociation constant 𝐾d of 10−14 −  10−15 𝑀 [103]. Therefore, 

SAv binds specifically to Bt and only interacts with the unbroken DNA 

oligonucleotides. Figure 3.8b shows AFM images of DNA origami nanostructures 

with a different state of damage. The (3/3) DNA origami represents a non-irradiated 

control sample where all six target positions stay intact and the SAv-Bt binding 

efficiency is 100% on this DNA origami. The first number in brackets represents the 

amount of intact DNA strands in the middle position while the second number 

represents the side position. The two different positions on each side of the triangle 

can be clearly distinguished in AFM images, because of a 30 nm distance between 

both DNA sequences. This gives us the opportunity to study two different DNA 

sequences under the same irradiation conditions. AFM measurements are performed 

in the center of the electron beam within a circle area 𝑍A with a diameter of 𝑑 = 1 𝑚𝑚, 

Figure 3.8 (a) Scheme of the DNA origami structure (yellow) and the experimental procedure 

to determine absolute DNA strand break cross sections. Each DNA origami triangle can carry 

two different (black and green) biotinylated target sequences. The samples are treated with 

streptavidin (SAv) to visualize the intact DNA sequences (red). b) Examples of AFM images 

for DNA origami nanostructures irradiated at 7 eV electron energy with up to six bright spots 

on top. Bright spots indicate SAv molecules attached to intact target sequences. 
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a current percentage 𝐼% and a factor 𝑓 depending on the electron energy. Each sample 

can be analyzed by counting the triangles manually or using a software 

(Phythagoras_v2.0). It is a graphic analysis software specially developed for this 

application and can recognize the DNA origami triangles and the bright SAv spots 

on top. The software analysis and its comparison to the manual analysis is described 

in chapter 4.5 in more detail. By counting all intact DNA strands on the AFM images 

the relative number of strand breaks 𝑁SB in comparison to a non-irradiated control 

sample is obtained. 𝑁SB is calculated by the ratio of the maximum possible number of 

intact oligonucleotides 𝑁0 and the number of intact oligonucleotides after irradiation 

𝑁t for a specific irradiation time 𝑡 (eq. 3.17). 𝑁0 is calculated from the number of 

counted DNA origamis 𝑁origami times the maximum number of target sequences on 

the middle or side position (3) of the DNA origami triangle (eq. 3.16). 

𝑁0 =  𝑁origami  ∙ 3       (3.16) 

𝑁SB = 1 −
𝑁t

𝑁0
        (3.17) 

The number of strand breaks 𝑁SB increases with the absolute fluence 𝐹 

(eq. 3.18) according to the strand break cross section. 

𝑁SB = 𝜎SB  ∙  𝐹 + 𝑁SB0       (3.18) 

This results in a dose-response curve with a linear part at low fluences. The 

crossing point with the y-axis at a value of 𝐹 = 0 represents the number of strand 

breaks of a non-irradiated control sample 𝑁SB0. In the case of a non-irradiated sample, 

the value for intact DNA oligonucleotides is approximately 10-20% and reflects the 

binding affinity of SAv-Bt. From the slope of the instrumental weighted linear fit, we 

determine the absolute SB cross sections 𝜎SB for the respective DNA sequence and 

electron energy.  

𝜎SB [𝑐𝑚2] =
𝑁SB

𝐹
       (3.19) 
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Figure 3.9 shows an example of an exposure-response curve to determine the 

absolute DNA strand break cross section. At high fluences a saturation of 𝑁SB is 

reached due to formation of DNA cross links [10]. Hence, only the low-fluence regime 

is used for linear fitting. This way, the cross section for SB can be obtained in 

dependency of the DNA sequence, the radiation type and the radiation energy. The 

technique is highly reproducible, which yields uncertainties of typically 10% to 20%. 

3.5 AFM analysis of irradiated DNA origami 

Atomic force microscopy was invented in 1986 by Gerd Binnig, Christoph 

Gerber and Calvin Quate [104] and is based on the concept of scanning probe 

microscopy (SPM), in which the image is not generated with an optical or electron-

optical lens. The information is gained by mechanical interaction between a probe 

and the sample surface. In conventional light microscopes the resolution depends on 

the wavelength, while the resolution in AFM mainly depends on the shape and 

diameter of the tip of the scanning probe. Therefore, AFM is a suitable technique to 

analyze the DNA origami samples, since it has only a few-nanometer resolution and 

can visualize small surface structures below the optical diffraction limit. Additionally, 

only a very small amount of material immobilized with sub-monolayer coverage is 

necessary.  

Figure 3.9 Example of an exposure-response curve for two different target sequences red and 

black. The DNA strand break cross section can be determined from the linear fit of the low 

fluence regime below 4 x 1013 cm-2. 
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A cantilever with a sharp pyramid tip (apex radius < 10 nm) serves as a probe 

and is moved over the sample by piezoelectric elements scanning the surface with 

high lateral precision point by point [105]. Approaching the surface, the cantilever is 

bent by attractive and repulsive forces depending on the distance between both. 

Attractive forces are predominantly Van-der-Waals forces (VdW) and capillary action 

at distances of 1 – 10 nm and electrostatic forces up to 100 nm. The repulsive forces 

are described by the coulomb repulsion (Pauli-principle) at atomic distances of 

0.1 nm. A macroscopic bending of the cantilever towards the sample for attractive 

forces and away from the sample for repulsive forces is the result. A laser is focused 

on the backside of the cantilever and is reflected to a 4-segment photodiode (fig. 3.10). 

Depending on the position and bending of the cantilever, the position of the reflected 

laser on the photodiode changes simultaneously and allows the determination of the 

cantilever in x and y spatial direction. The bending can be plotted as force 

measurement that can be approximated with the Lennard-Jones potential 𝑉(𝑘s−p) 

(eq. 3.20), with the potential depth 𝜀, the distance between the surface and probe 𝑘s−p 

and the finite distance 𝑘0 at which the interparticle potential is zero.  

𝑉(𝑘s−p) = 4𝜀 [(
𝑘0

𝑘s−p
)

12

− (
𝑘0

𝑘s−p
)

6

]     (3.20) 

A software calculates the translation of the cantilever into a relative height of 

each measurement point and generates a digital image. Depending on the 

investigated sample and substrate material different operation modes are possible 

with AFM. Usually they are divided in static and dynamic modes. The first one is a 

Figure 3.10 Scheme of the AFM measurement principle. A laser is focused on a cantilever and 

is reflected to a 4-segment photodiode. By scanning the sample surface, the cantilever bends 

by interacting with obstacles. The position change of the laser spot is translated into a 

topography image. 
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contact mode, where the cantilever tip is in close contact to the sample surface and in 

the range of the Pauli-repulsion with constant distance to the sample surface during 

the scanning process. Therefore, the tip height changes according to the sample height 

(fig. 3.10). This method might be harmful for the sample and the tip, because of the 

close and direct contact of both. A less destructive method is the dynamic mode or 

tapping mode, where the tip is oscillating near its resonance frequency with a constant 

amplitude while scanning over the surface. Due to the change of the sample height, 

the amplitude and phase of the oscillation changes according to the surface 

topography. To keep the amplitude and phase constant, a control circuit is applied to 

correct these changes. The values for the amplitude and phase adjustment provide 

the information for the digital image. This method is particularly suitable for samples 

with a small difference in sample height or very soft materials, such as DNA samples.  

After irradiation, the samples are removed from the sample holder in the 

vacuum chamber and are incubated with 15 µL of 50 nM streptavidin (SAv) solution 

for 2 minutes. Afterwards, they were rinsed with 500 µL 1:1 H2O/EtOH and dried 

with compressed air to clean and remove the remaining impurity. Depending on the 

configuration, SAv has a size of 4.5 x 4.5 x 5 nm³ and can be visualized with AFM. If 

a DNA strand break occurs, it no longer carries a terminal Bt molecule and no SAv 

can bind to the DNA strand. The SAv is detected by a bright spot on the DNA origami 

in the AFM image, which is caused by the height difference (fig. 3.11 left). 

 

Figure 3.11 Left: Triangular shaped DNA origami nanostructures with streptavidin attached 

to intact DNA strands in the middle and side position. Each triangle can carry up to six target 

sequences (3/3) Right: Well-formed DNA origami nanostructures covered with high 

concentration of streptavidin and buffer residues. This type of sample image is not included 

in the statistics. 
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As discussed in chapter 3.1 and 3.3, all silicon samples are marked with a cross 

in the center of which the electron beam is focused. The central area 𝑍A and the 

associated current 𝐼A covers an area of 0.0079 𝑐𝑚² with a radius 𝑟 =  0.05 𝑐𝑚. It is of 

great importance to analyze the central area 𝑍A of irradiation in order to obtain a 

correlation to the current 𝐼A and with that the calculated fluence 𝐹. The AFM used in 

this thesis is an Agilent 5500 (Keysight; former Agilent Technologies) operated in the 

tapping mode and a cantilever Tap 150 Al-G (Budget Sensor) with a resonance 

frequency of 150 kHz and a spring constant of 5 N/m. Images are recorded with a size 

of 4 𝑥 4 𝜇𝑚² and a resolution of 1024 pixels/line. Typical software parameters for scan 

speed (1.0 - 2.4 lines/s) and P-gain (proportional gain, 1000-2000) and I-gain 

(integrational gain, 1000-2000) vary for each AFM image. Using the top view camera 

of the AFM, at least four images (one in each quadrant) were taken at (250 ± 100) 𝜇𝑚 

from the center of the marked cross on the silicon substrate. Depending on the density 

of the immobilized DNA nanostructures, each AFM image usually contains 

1000 - 2000 DNA origami triangles. 

3.5.1 Evaluation of the data set 

The manual analysis is characterized by a high precision of the detection of 

intact DNA strands with a low error for cross section values of approximately 10-15%. 

A high resolution of the AFM image is necessary to visualize the SAv molecules on 

the DNA origami. The manual analysis is carried out using certain criteria: The most 

important criterion is the assessments of the constitution and conformation of the 

DNA origami triangle itself. Strongly deformed or destroyed DNA origami with a 

deviation of the original triangular shape are not included in the statistics. 

Furthermore, contaminated DNA origamis, e.g. covered with salt or remaining 

solution are not analyzed (fig. 3.11 right). Another important criterion is the 

determination of the number of SAv molecules on the DNA origami. The number of 

intact strands on each DNA origami must be identified, corresponding to their 

position (middle and side) on each trapezoid. A maximum of six protruding strands, 

whereas three SAv molecules at the middle and three at the side position of the DNA 

origami can be present. There are always the same DNA target sequences in the middle 

and side position, what gives us the opportunity to examine two different DNA 

sequences under identical experimental conditions. Depending on the orientation of 

the triangle (face up or face down) on the silicon substrate, the side position is always 

to the left or always to the right of the middle position on each trapezoid. In addition, 

SAv has an affinity to blunt-end ssDNA with open binding sites, which can be found 
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on the edges of the triangle. Each data point in the exposure-response curves 

represents at least four 4 𝑥 4 𝜇𝑚² (1024 pixel/line) AFM images from one series. 

Usually three series are required for sufficient statistics of identical target sequences 

and electron energy. However, this depends heavily on the quality of the 

nanostructures and density on the samples. The results of different irradiation 

experiments of different series with a certain electron energy for the same target 

sequences presented here agree very well and show the good reproducibility of the 

DNA origami technique.  

Good statistics always require a large set of data in order to get a meaningful 

result. The analysis and evaluation of the AFM images is very time-consuming and 

can be improved by using a graphical analysis software. Pythagoras was developed in 

cooperation with Dr. Phillip Wagner and is perfectly adapted to the DNA origami 

method in order to reduce processing time. In chapter 4.5 a comparison between 

manual and software analysis is made in terms of the quality of the result and time 

saving aspect. 

 



4 Results and Discussion 

47 

 

4 Results and Discussion 

By deposition of ionizing radiation in cells most of the energy is channeled 

into the production of abundant LEE with energies between 1 and 20 eV. It was 

postulated that reactions of LEE with biomolecules can induce high yields of single 

and double strand breaks well below the ionization threshold [58]. The DNA damage 

is caused via the DEA mechanism by rapid decay of the TNI localized on the DNA 

components. According to the traditional notion of DNA radiation damage genotoxic 

damage from LEE only occurs at energies above the onset of ionization threshold. To 

address this aspect explicitly, chapter 4 discusses fundamental experiments with 

well-defined DNA oligonucleotides illuminated with LEE radiation (5 to 20 eV) in the 

range below, close to and above its ionization threshold. The obtained DNA strand 

break cross sections are compared for a range of DNA sequences, DNA lengths, DNA 

radiosensitizer modifications, DNA binders and radiation energy. In addition, the 

modification of DNA with radiosensitizers gives the opportunity to determine 

enhancement factors (EF) compared to unmodified DNA oligonucleotides with the 

same sequence. All data are compared with the results of other groups working in 

this field and put into context. 

4.1 LEE-induced strand breaks in single stranded poly(A) DNA  

Recently, it was shown that low-energy electron-induced DNA strand breaks 

depend, to some degree, on the specific DNA sequence and length [11]. Chapter 4.1 

focuses on the effect of LEE-induced DNA strand break cross section on the 

oligonucleotide length at various irradiation energies. Preliminary studies shown that 

the effect towards LEE-induced DNA strand breakage is the highest for adenine rich 

DNA oligonucleotides. The DNA strand break CS for four homo-oligonucleotides 

(5'- d(A12), 5'-d(G12), 5'-d(C12), and 5'-d(T12)) have been compared upon electron 

irradiation with 8.8 eV. The differences in σSSB were very small, but the authors 

showed the highest σSSB for the A12 sequence. A slight trend of (A12 > T12 > C12 > G12) 

with σ(d(A12)) = (3.9 ± 0.4) · 10-15 cm² and σ(d(T12)) = (3.7 ± 0.2) ·10-15 cm² as the highest 

values and σ(d(G12)) = (3.1 ± 0.2) · 10- 15 cm² as the lowest value was observed. 

Therefore, poly-adenine sequences (5'-(A4), 5'-(A8), 5'-(A12), 5'- (A16), and 5'-(A20)) were 

systematically studied and irradiated with 5.0, 7.0, 8.4 and 10.0 eV electrons [12]. 
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Similar experiment with guanine (G)-rich telomer sequences (5'-(GGG ATT)x 

with X = 2,3 and 4) on DNA origami platforms are exposed to low-energy electrons 

of 8.8 eV [13]. A higher sensitivity towards LEEs for longer DNA sequences (going 

from 5'-(GGG ATT)2 over 5'-(GGG ATT)3 to 5'-(GGG ATT)4) was observed. This effect 

can either result from the increased amount of G bases or the increased number of 

nucleobases for the different oligonucleotides. Previous experiments studied the 

different amount of G bases in DNA oligonucleotides of the same length. A clear 

increasing sensitivity towards 1 eV electrons with higher G content was observed [89]. 

Various lengths of polyadenine ssDNA (4, 8, 12, 16, and 20 nucleotides) are studied 

to systematically investigate the effect of the oligonucleotide length on the SB cross 

section upon LEE irradiation with electron energies of 5.0, 7.0, 8.4, and 10.0 eV. This 

covers the energy range of secondary electrons produced in water radiolysis and 

which are close to typical energies at which SSBs have been observed before [57]. 

These experiments yield information about resonant formation of DNA strand breaks 

for specific ssDNA and a presumed additivity of SB cross sections. 

Table 4.1 Overview of the absolute cross sections for SBs (σSSB) for the different DNA 

sequences upon electron irradiation at different energies compared to the geometrical cross 

sections (σgeo). 

Sequence ssDNA SB Cross Section σSSB [10−15 cm2] σSSgeo [10−15 cm2] 

 5 eV 7 eV 8.4 eV 10 eV / 

A4 1.03 ± 0.12 4.79 ± 1.04 3.27 ± 0.51 2.25 ± 0.15 11.04 

A8 0.93 ± 0.17 5.59 ± 0.66 5.09 ± 0.92 2.42 ± 0.33 22.08 

A12 1.34 ± 0.17 6.95 ± 1.12 6.32 ± 0.59 3.10 ± 0.54 33.12 

A16 1.94 ± 0.36 7.69 ± 1.02 7.62 ± 0.95 3.88 ± 0.34 44.16 

A20 0.85 ± 0.13 5.06 ± 0.28 4.72 ± 0.32 2.73 ± 0.42 55.20 
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Figure 4.1 Examples of exposure response curves to determine the absolute DNA strand break 

cross section for ssDNA. The diagrams show the results of the irradiation at 7 eV electron 

energy for the five oligonucleotide sequences (a) A4 (black) and A8 (red), (b) A12 (black) and 

A16 (red), and (c) A20 (black). The absolute strand break cross section σSSB can be obtained from 

the linear fit of the fluence F and the dependence of strand breakage NSB. 

a) Electron energy dependence of strand break cross sections 

All determined SB cross sections σSSB are shown in figure 4.1 as a function of 

electron energy between 5 and 10 eV. The highest σSSB is determined for A16 in the 

regime of 10−15 cm2 in all electron energies. Possible DNA base damages below the 

ionization threshold can occur either by pulsed lasers (~4.6 eV), which results in 

oxidative damage to the DNA, or at specific electron energies through anion 

resonances, i.e., TNI states, which can either decay by autodetachment of the extra 

electron or via dissociation (DEA) [106], [107]. The latter is more likely with longer 

lifetimes of the generated TNI and dominates over AD [53]. Electrons with certain 

energy can attach e.g., to base π* orbitals, which can serve as antennas for low-energy 

electrons. The formed shape resonances at low electron energies result in a transfer of 

the extra electron to the DNA backbone and can eventually cleave the sugar-

phosphate C-O bond (σ orbital) [80]. The investigated σSSB for A4, A8, A12, A16, and A20 

exhibit a broad resonant structure peaking at 7.0–8.4 eV. In this energy regime gives 
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rise to various resonant fragmentation pathways to all DNA subunits. Between 7.0 

and 8.4 eV, the reactions are mediated by core excited resonances in which the 

electron attachment is accompanied by an electronic excitation. The low-energy 

threshold for a core excited resonance in DNA is represented by a π-π* transition at 

about 4.7 eV, which is the lowest-energy electronic excitation [52]. In the present 

experiment, the lowest cross sections are observed at 5.0 eV. A similar and strong 

electron energy dependent signature of SB yield was shown in several studies using 

plasmid DNA [57], [58], [108]. Compared to the single stranded poly(A) 

oligonucleotides, plasmid DNA is a double stranded DNA with several thousand 

base pairs and a complex secondary structure. Authors used several nm thick film of 

plasmid DNA and exposed them with LEEs. A broad resonance maximum between 

7.0 and 13 eV for SSBs is observed, which is comparable with the poly(A) DNA 

experiments. DNA strand break yields are slightly decreasing at higher electron 

energies and have a minimum at 14.0 to 15.0 eV. The pronounced peak signature is 

very characteristic and has been previously observed below 15 eV for condensed 

phase DNA bases [109], from single-stranded oligonucleotides adsorbed on gold 

surfaces [110] and immobilized on DNA origamis [14].  

The vertical ionization energy (IE) of adenine is 8.4 eV [41]. Therefore, 

irradiation with LEEs above 8.4 eV, DNA strand breakage could also result from 

initial ionization of the DNA subunits. Irradiation of the same poly(A) DNA with 

vacuum ultraviolet (VUV) radiation at 8.4 eV, similar tendencies of the SB cross 

sections have been observed: A4 ≈ A8 < A12 < A16 ≈ A20. VUV induced strand breaks are 

initiated by dissociative photo ionization and excitation in the order of 10- 16 cm2 [11]. 

However, irradiation with LEEs yields DNA strand break cross sections, which are 

one order of magnitude higher (10-15cm2) than for VUV radiation. This demonstrates 

the high efficiency of DEA compared to dissociative photo excitation and ionization. 

Therefore, other processes than DEA are unlikely to contribute to the DNA strand 

break cross section using LEEs up to 10 eV. 
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Figure 4.2 Plot of absolute DNA strand break cross section σSSB for the single stranded polyA 

DNA sequences A4 (black-square), A8 (light red-circle), A12 (dark red-triangle), A16 (dark blue-

diamond), and A20 (light blue-star)) as a function of the electron energy. Solid lines connect 

the data points to guide the eye. 

b) Oligonucleotide length dependence of strand break cross sections 

Low-energy electron-induced DNA strand breaks strongly depend on the 

specific oligonucleotide length. It is assumed, that the DNA is likely to be present as 

A-DNA configuration under the high-vacuum and high-salt conditions during LEE 

irradiation. The geometrical cross section σN-geo for each investigated sequence can be 

estimated by the length of the linear single stranded A-DNA per base (0.24 nm) and 

a width of 1.15 nm [20] and is compared with the SB cross sections obtained in the 

LEE irradiation experiments (fig. 4.3). Independently of which molecular model of 

DNA conformation is used, an increase of the DNA strand break cross section with 

the oligonucleotide length is expected. This is because of a greater number of possible 

DNA bond breakages and a higher probability of attaching a LEE. Strand breakage is 

only one possibility of several different reaction pathways upon electron attachment 

to DNA. Consequently, the estimated geometrical cross section is about one order of 

magnitude higher than the experimentally determined SB cross sections. Figure 4.3 

shows the plot of the experimentally determined DNA strand break cross sections σSB 

as a function of the number of nucleotides. Only a slight change of σSB at 5.0 and 10.0 

eV with the oligonucleotide length, according to the following row is observed: A4 ≈ 

A8 ≈ A20 < A12 < A16. The shortest DNA sequences with four and eight nucleotides have 

an almost identical cross section and only a moderate increase from eight over 12 to 



4 Results and Discussion 

52 

 

16 nucleotides is determined. A stronger effect for σSB is observed for electron energies 

to the maximum of negative ion resonances at 7.0 and 8.4 eV. There is a clear 

dependence in σSB of the oligonucleotide length with the following tendency: 

A4 < A8 ≈ A20 < A12 < A16, with an initial slope similar to the geometrical cross section 

σN-geo. Nevertheless, the SB cross sections per nucleotide σN (table 4.1) vary strongly 

for the irradiation energy and each sequence length from 0.43 to 11.98 ∙ 10−16 cm2. σN 

should be the same for all DNA sequences under the assumption that each nucleotide 

is equivalent. This indicates no additive effect of the specific nucleotides and the DNA 

strand break cross section can be calculated for each electron energy. 

 

Table 4.2 Summary of absolute SB cross sections per nucleotide for experimental data σN and 

geometrical cross section σN-geo calculated from the determined values in table 4.1. 

Sequence SB CS per nucleotide σN (10−16 cm2) σN-geo (10−16 cm2) per nucleotide 

 5 eV 7 eV 8.4 eV 10 eV / 

A4 2.58 11.98 8.18 5.63 27.60 

A8 1.16 6.99 6.36 3.03 27.60 

A12 1.12 5.79 5.27 2.58 27.60 

A16 1.21 4.81 4.76 2.43 27.60 

A20 0.43 2.53 2.36 1.37 27.60 

Figure 4.3 Absolute cross section for SBs σSB (black) and the estimated geometrical cross section 

σN- geo (blue) for all poly(A) DNA sequences 5′-d(An) n = 4, 8, 12, 16, 20 irradiated at 5.0, 7.0, 8.4, 

and 10 eV plotted against the number of nucleotides. Solid and dotted lines connect the data 

points to guide the eye. 
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The cross section for the longest DNA sequence A20 does not continue the 

increasing trend, but decreases significantly in all electron energies. Tentatively, we 

assume that this can be ascribed to a conformational change occurring in the longer 

DNA sequences by forming a symmetric base pair by two A nucleotides. Previously 

it was shown, that adenine-rich RNA and DNA can form under nearly neutral pH 

and ammonium ions strong A-duplexes [111] with a basic binding motif for a parallel 

double-stranded helix (fig. 4.4a). The A-A base paring is mediated by two hydrogen 

bonds (dotted line) between the amino groups of the A (green) bases, as well as the 

formation of one hydrogen bond between the oxygen of the phosphate group (yellow) 

in the DNA backbone and each A base. In total, the A-A base pairing is mediated by 

four hydrogen bonds supported by the stabilization through the present cations 

(purple). For DNA sequences with a certain length, the Coulomb repulsion of the 

DNA backbone becomes too weak to further establish a linear structure. Due to the 

presence of 150 mM Mg2+ and a pH of 8.0 in the present experiment, the A20 DNA 

reaches a certain length where a conformational change is feasible. Based on this 

assumption, the conformational change of A20 results in a formation of a DNA hairpin 

with at least three to four nucleotides in the loop and eight A-A base pairs. An 

illustration of the conformational change if the DNA reaches a certain length is given 

in figure 4.4b. Calculations of the salt adjusted melting point Tm from the postulated 

DNA hairpins would be close to room temperature  and is therefore stable [112]. 

Going to shorter DNA sequences with a lower number of nucleotides, Tm is too low 

to be stable in this conformation. One can assume in the first approximation that σN 

for the A20 increases compared to the shorter DNA sequence A16. The decrease of the 

SB cross section can be explained by the higher stability of the DNA hairpin due to 

the additional hydrogen bonds and the cation stabilization. In the event of a possible 

SSB process in the DNA hairpin, the broken sequence with the biotin label could 

remain on the DNA strand and subsequent AFM analysis is then not able to detect 

this SSB. This results in a smaller DNA strand break cross section for coiled ssDNA. 

Rackwitz et al. already examined DNA length dependencies of SB cross section of G-

rich telomere sequences with two (5'-d(GGG ATT)2), three (5'-d(GGG ATT)3), and four 

repeat units (5'- d(GGG ATT)4) upon LEE irradiation with 10 eV electron energy. The 

authors found a length dependence with increased sensitivity for longer 

oligonucleotides with more repeat units. G-rich telomer sequences are also able to 

change their conformation by forming G-quadruplexes in presence of cations. 

Different cations with different radii can influence the intermolecular shape of the G-

quadruplexes. The DNA strand break cross sections in the telomer sequences do not 
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follow exactly a linear function due to the change in the secondary structure. It can be 

expected that the probability of folded structures is lower for shorter sequences 

(5'- d(GGG ATT)2 and 5'-d(GGG ATT)3), than for longer sequences like 5'-(GGGATT)4. 

 

In the following, we will discuss the magnitude of determined absolute cross 

section values σSB, which are in the order of 10-15 cm2 for LEE-induced DNA breakage. 

Panajotovic et al. determined effective cross sections for the production of SSBs in 

supercoiled plasmid DNA upon irradiation with LEEs between 0.1 to 4.7 eV [113]. 

The associated effective SSB cross sections per nucleotide σN are in the order of 10−18 

cm2/nucleotide at 1 and ~2 eV electron energy. A similar value for σN was obtained 

afterward for the absolute cross section for loss of supercoiled DNA upon irradiation 

with 10 eV electrons (3.0 × 10−14 cm2 for the whole plasmid corresponding to 4.8 × 10−18 

cm2/nucleotide) [114]. The main assumption in these studies is, that every nucleotide 

has the same DNA strand break cross section. This would lead to a linear dependence 

of the total SSB cross section with the length of the plasmid DNA. In the irradiation 

experiments with polyA DNA, we use DNA strands with 4 to 20 nucleotides, with 

resulting σN values in the order of 10−16 to 10−17 cm2/nucleotide.  This is one to three 

orders of magnitudes higher than the previous results obtained using plasmid DNA. 

Figure 4.4 Illustration of the A-A (green) base pair attached to the deoxyribose sugar unit (red) 

that builds the A-A duplex in the presence of cations (purple). The phosphate groups (yellow) 

are driven toward the axis of the helix and form two of the total four hydrogen bonds (dotted 

lines) [25]. (b) Scheme of the conformational change of a single-stranded DNA with increasing 

length and SB formation. DNA origami is depicted as a pattern in black, the biotin label a spot 

in red, and the hydrogen bonding is labeled as a solid line in black. 
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While the present results indicate that a linear length dependence of SB cross sections 

can be assumed at the maximum of the negative ion resonances and within a certain 

length regime of the DNA sequence, the SB cross sections per nucleotide still vary 

strongly. In result, a simple additivity of SB cross sections per nucleotide is not valid 

(tab. 4.2). Recently, similar observations for absolute vibrational excitation cross 

section values for thymidine was made and do not correspond to the sum of the cross 

sections of its constituents [115]. Further experiments are required using e.g., double-

stranded DNA, to elucidate the discrepancy in the SB cross sections. The higher 

conformational stability of the dsDNA over a longer range of strand lengths could 

support the plasmid DNA results. Furthermore, when comparing the cross section 

values obtained from the different DNA systems, the potentially different 

surrounding cations (concentrations and species) and solvating water molecules need 

to be considered. 

4.2 Radiation stability of biotin 

a) Bt marker covalently bound to the DNA backbone T-Bt 

Biotin is a water-soluble B vitamin (vitamin B7) and plays a major role in gene 

expression, is involved in a wide range of metabolic processes and in the cellular 

response to DNA damage. The heterocyclic ring structure of biotin forms strong 

intermolecular hydrogen bonds and Van der Waals interactions with proteins such 

as SAv. The strong non-covalent bond with high affinity is used in the DNA origami 

technique, which labels the intact DNA target sequences after the irradiation. It was 

shown, that DEA to biotin results in a decomposition of the ring structure and the 

carboxyl group in the electron energy range of 0 – 12 eV [116]. In a dry environment 

by using the DNA origami technique, a dissociation yield of (1.1 ± 0.2) ∙ 10−14 𝑐𝑚² at 

≈ 18 eV electron energy was observed by comparing the damage to NSB of a reference 

sequence 5’-d(SSTT) [116]. The authors considered a Bt damage using the DNA 

origami technique not only in the energy regime where ionization takes places (>10 

eV) but also where DEA mechanism is present (< 1 eV). Since the LEE-induced DNA 

strand breaks are determined at energies between 5 and 20 eV in this work, a high 

stability of biotin in this energy and fluence range is required. In view of these results, 

the biotin damage is observed as a function of the electron energy. 
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Table 4.3. Overview of the absolute cross sections for SBs (σSSB) for the DNA sequence T-Bt 

upon electron irradiation between 5 eV and 20 eV 

 DNA SB Cross Section σSSB [10−15 cm2] of T-Bt 

Energy 5 eV 7 eV 8.4 eV 10 eV 11 eV 12 eV 

T-Bt 0.14 ± 0.09 0.25 ± 0.97 0.23 ± 1.93 0.25 ± 1.38 0.50 ± 1.38 0.24 ± 2.93 

Energy  14 eV 16 eV 18 eV 19 eV 20 eV  

T-Bt 0.31 ± 0.62 0.32 ± 2.81 0.38 ± 1.94 0.55 ± 2.04 0.51 ± 0.94  

 

The DNA origami triangles are modified with a single stranded DNA 

sequence containing a thymine base and a covalently bound Bt molecule at the 3’ 

DNA backbone end (5’-d(T-Bt)) denoted as T-Bt. Thymine is used as a spacer to 

ensure that the biotin is not embedded in the DNA origami triangle and is not covered 

by the surrounding DNA. The use of the target sequence T-Bt also includes possible 

DNA single-strand breaks at the thymidine spacer nucleotide. Table 4.3 shows an 

overview of absolute strand break cross sections for the LEE exposed DNA sequence 

T-Bt with electron energies between 5 and 20 eV. Compared to longer DNA sequences 

the σSSB of the DNA sequence 5’-(T-Bt) are very small. The lowest σSSB is determined 

at 5 eV with (0.14 ±  0.09) ∙  10−15 𝑐𝑚² and the highest at 19 eV with σSSB 

(0.55 ± 2.04) ∙ 10−15 𝑐𝑚².  

Figure 4.5 shows examples of exposure-response curves for the electron 

irradiation of T-Bt modified DNA origami nanostructures at energies of 7 eV, 12 eV 

and 19 eV. A fluctuation of NSB between 10 and 20% is observed independently of F. 

Non-irradiated control samples show similar values of NSB. This is due to limited 

purity of the synthesized DNA target sequences, with some of the strands not 

carrying a Bt marker. Additionally, the binding probability of Bt and SAv is between 

80 and 90% on the entire sample. There is no linear dependency between NSB and F in 

all electron energies from 5 to 20 eV is observed. Linear fitting results in low σSSB with 

high error bars. This indicates no Bt damage in the used energy regime between 5 and 

20 eV when Bt labels single stranded DNA using the DNA origami technique for 

determination of absolute DNA strand break cross sections. 

 



4 Results and Discussion 

57 

 

 

b) Bt marker covalently bound to the DNA base thymine in HP-Bt 

For ssDNA irradiation experiments, the Bt is bound to the DNA backbone at 

the 3’ end. In comparison, DNA double strand break experiments use DNA hairpins 

(chapter 4.3) in which the Bt labeling is required within the DNA strand with Bt 

bound to the DNA base in the loop. The loop consists of four thymine bases, where 

the Bt marker was covalently bound direct to one of the DNA bases. Additional 

control experiments with 5’- d(T2(Bt-dT)T) have to be made in order to characterize 

the damage to the hairpin loop and the Bt conjugated to the base. In the following this 

DNA strand is referred to as HP-Bt (fig. 4.6) and represents the unhybridized loop of 

a DNA hairpin. The loop consists of four thymine bases, where the Bt marker was 

covalently bound direct to one of the DNA bases. This modified target sequence is 

implemented into the DNA origami triangle and irradiated at the same electron 

energies as in chapter 4.3.  

Figure 4.5 a) Plot of absolute DNA strand break cross section σSSB for the single stranded DNA 

target sequence T-Bt upon electron irradiation between 5 eV and 20 eV. b-d) Examples of 

exposure-response curves for the irradiation of T-Bt at electron energies of 7 eV (b), 12 eV (c) 

and 19 eV (d). 
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These experiments are intended to determine the stability of the thymine-

bound Bt upon the irradiation with LEEs. Possible Bt damage can occur from the loss 

of the thymine base to which the Bt marker is bound (fig. 4.6a), LEE induced damage 

to the Bt label (fig. 4.6b) or damaging the DNA hairpin loop via two SSBs (fig. 4.6c). 

All processes are indistinguishable in the AFM analysis using the DNA origami 

technique. Whereas the two-electron process from path c results in an exponential 

dependency of NSB with increasing F due to a lower probability of events. 

 

Table 4.4. Overview of the absolute cross sections for SSBs (σSSB) for the DNA sequence HP-Bt 

upon electron irradiation between 5 eV and 20 eV. 

 DNA SSB Cross Section σSSB [10−15 cm2] of HP-Bt 

Energy 5 eV 7 eV 8.4 eV 10 eV 11 eV 12 eV 

HP-Bt 0.12 ± 0.12 0.22 ± 0.15 0.25 ± 0.12 0.33 ± 0.16 0.27 ± 0.16 0.19 ± 0.16 

Energy  14 eV 16 eV 18 eV 19 eV 20 eV  

HP-Bt 0.24 ± 0.13 0.21 ± 0.23 0.19 ± 0.17 0.20 ± 0.13 0.23 ± 0.16  

 

Table 4.4 shows the DNA strand break CS of HP-Bt irradiated at electron 

energies between 5 and 20 eV. The associated exposure-response curves show a slight 

Figure 4.6 Schematic shows various types of HP-Bt damage caused by low energy electrons. 

a) base loss of the DNA base with Bt label, b) damage of the Bt label, c) two single strand 

breaks in different positions. 



4 Results and Discussion 

59 

 

linear increase in NSB with F, whereby σSSB was found in the range from 

(0.12 ± 0.12) ∙  10−15 𝑐𝑚² for 5 eV up to (0.33 ± 0.16) ∙  10−15 𝑐𝑚² for 10 eV electron 

energy. This indicates some damage to HP-Bt and is considered in the following 

irradiation experiments of dsDNA hairpins HP-1. 

4.3 LEE-induced strand breaks in dsDNA 

The ultimate cell killing by ionizing radiation is not fully understood and 

hence predictable with the currently available models. For a detailed research, the 

DNA origami technique is helpful to investigate the mechanism of low energy-

electron induced DNA DSBs for well-defined DNA sequences. This enables a direct 

comparison between LEE induced damage to DNA single and double strands with 

respective sequences. By using LEEs below 20 eV the DSBs are highly dependent on 

the initial kinetic energy below 15 eV and an intense peak near 10 eV was observed 

[58]. Therefore, studying the interaction of double-stranded DNA with LEEs below 

20 eV is of great importance for a better understanding of DNA damage. In this work 

absolute CS of dsDNA are determined with the DNA origami technique for the first 

time. 

Studying the LEE induced DNA double strand breaks, the successful 

formation of a double strand must be ensured. Therefore, dye labeled DSdye 

(5'- d(CAC)4-Cy3 and 3'- d(GTG)4-FAM) are placed directly next to each other on the 

DNA origami triangle (fig. 4.7a). The dye functionalization enables the observation of 

Förster resonance energy transfer (FRET) [117] between a donor (fluorescein; FAM) 

and an acceptor dye (cyanine3; Cy3) attached to the ends of the complementary single 

strands. FRET is a mechanism describing an energy transfer via nonradiative dipole-

dipole coupling between two light-sensitive chromophores, which is highly distance-

dependent. An overlap of the emission spectrum of the donor with the absorption 

spectrum of the acceptor dye is required to guarantee an energy transfer. The 

formation of a DNA double strand of DSdye allows an energy transfer resulting in a 

characteristic FRET signal in fluorescence emission spectra by exciting the donor dye 

(450 nm). Figure 4.7c shows the emission spectra of the ssDNA (GTG)4-FAM excited 

at 450 nm with a maximum at 515 nm (yellow line) and (CAC)4-Cy3 excited at 500 nm 

with a maximum at 565 nm (red line). Both, free in solution and attached to the DNA 

origami, no differences in the emission spectra of (GTG)4-FAM and (CAC)4-Cy3 are 

observed. In contrast to this, the dsDNA DSdye free in solution (fig. 4.7c black dotted 

line) and attached to the DNA origami (fig. 4.7d black dotted line) show different 
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emission spectra. By exciting the free DSdye at 450 nm, the emission of Cy3 increases 

at 565 nm. This indicates a successful energy transfer over small distances (1 to 10 nm) 

between the donor and acceptor dye. If the DSdye is bound to the DNA origami 

triangle, only a weak energy transfer is observed. This is ascribed to the fact that the 

two ssDNA did not hybridize when attached to the DNA origami triangles. 

Moreover, the two single stranded DNA can hinder each other in the folding process 

because of their close proximity. As a result, only one of the two single stranded DNA 

could be bound to the DNA origami. Additionally, electron induced DNA strand 

break experiments of single stranded DNA (5'-d(CAC)4-Bt and 3'-d(GTG)4-Bt; named 

in the following as (CAC)4 and (GTG)4) and double stranded DNA using 

complementary single stranded DNA DS (5'- d(CAC)4-Bt/3'-d(GTG)4-Bt) (fig. 4.7a.i) 

supports the FRET experiments. Almost identical σSB are obtained for irradiated DNA 

oligonucleotides (CAC)4, (GTG)4 and DS at an electron energy of 10 eV (fig. 4.7b).  

Therefore, the formation of the DNA double strand is ensured by a DNA 

hairpin HP-1 (5'- d(GTG)4T(Bt- dT)T2(CAC)4). During the annealing process, the DNA 

hairpin forms a double strand consisting of twelve DNA base pairs and a loop of four 

non-hybridized thymine bases. The Bt label is covalently bound to one of the thymine 

bases in the DNA hairpin loop. As shown in chapter 4.2 the Bt label is subject to LEE 

induced DNA damage itself, which has to be considered in the final strand break 

yield. Table 4.5 summarizes all experimentally determined DNA strand break CS of 

dsDNA HP-1 and the two associated ssDNA (CAC)4 and (GTG)4. Due to the 

instability and the possibility of LEE-induced DNA damage in HP-Bt from 

chapter 4.2b, σDSB for HP-1 has to be corrected to consider only the damage of the 

double stranded sequence. Therefore, σSSB of HP-Bt is subtracted by σDSB of HP-1 for 

each electron energy and is shown as HP-1corr. 

 



4 Results and Discussion 

61 

 

 

 

 

Figure 4.7 a) Illustration of the DNA origami triangle modification with i) DS (5'-(CAC)4-Bt / 

3'-(GTG)4-Bt) and ii) DSdye (5'-(CAC)4-Cy3 /3'-(GTG)4-FAM). DS modification is used in the LEE 

induced DNA irradiation experiments. b) Absolute DNA strand break cross sections σSB for 

the DNA single strands (5'-(CAC)4-Bt and 3’-(GTG)4-Bt) and the DNA double strand DS 

(5'- (CAC)4-Bt / 3'- (GTG)4-Bt). Determined σSB [10−15 cm2] for LEE irradiation at 10 eV: (CAC)4 

(3.10 ± 0.41), (GTG)4 (3.00 ± 0.32) and DS (3.08 ± 0.36). c) Results of the two-dye FRET system 

with FAM and Cy3 as donor and acceptor not attached to the DNA origami triangle. The 

normalized fluorescence emission spectra of the single stranded DNA (GTG)4-FAM (yellow; 

excited at 450 nm; maximum at 515 nm) (CAC)4-Cy3 (red; excited at 500 nm; maximum at 

565 nm) and the hybridized double stranded DNA DSdye (black dashed line; excited at 450 

nm). The emission spectra of DSdye show the emission of FAM and Cy3 due to energy transfer 

from donor to acceptor dye. d) Two-dye FRET system with FAM and Cy3 modified DNA 

target sequences (GTG)4-FAM and (CAC)4-Cy3 as donor and acceptor attached to the DNA 

origami triangle. The emission spectra of DS (dashed line; excited at 450 nm) show the 

emission of FAM at 515 nm and only a small increase of Cy3 emission at 565 nm. This indicates 

a less favorable hybridization of DS compared to DSdye when not attached to the DNA origami 

triangle. 
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Table 4.5 Summary of σSSB for the ssDNA (CAC)4 and (GTG)4, as well as σDSB for the dsDNA 

HP-1, which are corrected to HP-1corr by σSSB of HP-Bt from chapter 4.2b upon electron 

irradiation between 5 eV and 20 eV. 

 DNA SB CS σSSB and σDSB [10−15 cm2] of (GTG)4, (CAC)4, HP-1 and HP-1corr 

Energy 5 eV 7 eV 8.4 eV 10 eV 11 eV 12 eV 

(CAC)4 2.58 ± 0.37 2.80 ± 0.19 2.60 ± 0.17 3.10 ± 0.41 2.80 ± 0.35 2.10 ± 0.31 

(GTG)4 2.44 ± 0.37 2.52 ± 0.36 2.43 ± 0.27 3.00 ± 0.32 2.70 ± 0.27 1.90 ± 0.23 

HP-1 0.98 ± 0.29 1.27 ± 0.27 1.32 ± 0.30 1.88 ± 0.17 1.52 ± 0.22 0.80 ± 0.19 

HP-1corr 0.86 ± 0.29 1.05 ± 0.27 1.07 ± 0.30 1.50 ± 0.17 1.25 ± 0.22 0.61 ± 0.19 

Energy  14 eV 16 eV 18 eV 19 eV 20 eV  

(CAC)4 1.80 ± 0.39 2.20 ± 0.27 2.55 ± 0.40 3.50 ± 0.39 3.55 ± 0.37  

(GTG)4 1.53 ± 0.36 2.07 ± 0.37 2.44 ± 0.49 3.00 ± 0.24 3.20 ± 0.32  

HP-1 0.60± 0.29 1.42 ± 0.27 1.47 ± 0.29 1.52 ± 0.30 1.51 ± 0.36  

HP-1corr 0.36± 0.29 1.21 ± 0.27 1.28 ± 0.29 1.32 ± 0.30 1.28 ± 0.36  

 

Table 4.5 gives a summary of the DNA strand break CS for the ssDNA (CAC)4 

and (GTG)4 as well as the dsDNA HP-1 and HP-1corr. Figure 4.8 shows all obtained 

values for σSSB of ssDNA ((CAC)4; purple and (GTG)4; turquoise) and σDSB for dsDNA 

(HP-1; grey and HP-1corr; orange) at different irradiation energies between 5 eV and 

 

Figure 4.8 Plot of absolute DNA strand break cross section σSSB for the single stranded DNA 

sequences (CAC)4 (purple) and (GTG)4 (turquoise) and the absolute DNA strand break cross 

section σDSB for double stranded DNA HP-1, which are corrected to HP-1corr by σSSB of HP-Bt 

from chapter 4.2b upon electron irradiation between 5 eV and 20 eV. 



4 Results and Discussion 

63 

 

20 eV electrons. There is a clear difference between σSSB and σDSB of DNA single and 

double strands, where the CS for ssDNA are always higher in all electron energies 

compared to dsDNA. It is known that ionizing radiation produces about 1000 SSBs 

and 25-40 DSBs per diploid cell per gray (Gy) [118]. Investigation of LEE induced 

DNA damage with plasmid DNA (pGEM 3Zf(-); 3199 base pairs) also show a four 

times higher yield of DNA SSBs compared to DNA DSBs [57]. A similar yield is 

observed in the DNA origami irradiation experiments, in which the probability of a 

DNA single strand break is a factor of three higher than for a DNA double strand 

break. This is basically expected, since the probability of breaking a single stranded 

DNA by a single electron is higher than for a double stranded DNA. Sanche et al. 

proposed possible electron pathways yielding a local multiply damage site (LMDS) 

with two or more damages within a few helical turns [119], [120]. The LMDS include 

oxidized purines and pyrimidines, abasic sites and strand breaks induced by a single 

electron [121], [122], [123]. The initial step is the capturing of the electron by a positive 

EA of an electronically excited state of a base followed by the formation of a core-

excited TNI on the base. The TNI can decay by DEA or autoionization. The latter 

leaves the base in an electronically excited state resulting in a separation of the 

additional electron and the electronic excitation. Both can cause a damage on each of 

the complementary DNA single strands. Path 1 (fig. 4.9) shows the electron transfer 

from the initial base*- to the base on the opposite strand by forming two adjacent base 

damages. This electron can further transfer to the phosphate group (path 2) causing 

rupture the C-O bond via DEA. The electron transfer to the complementary strands 

(paths 1 and 2) leaves the initial base in a dissociative state leading to C-O bond 

scission within the same strand (path 3) [124]. An LMDS can still be created by 

transferring the electron to other bases along the complementary strand within 20 

base-pairs from its initial capture (path 4). 
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However, the fragmentation mechanism of a DNA double or single strand is not 

fully understood. DEA studies support the proposed reaction mechanism of 

Sanche et al. with a most likely strand breakage in the C-O phosphodiester bond in the 

DNA backbone by transferring the excess energy from the nucleobase to the DNA 

backbone [80]. This energy transfer is due to coupling of the 𝜋∗ orbital of a cytosine 

base with a 𝜎∗ orbital of the deoxyribose phosphate C-O bond. This is the most fragile 

bond in the DNA backbone and has been studied intensively by Simons et. al. [81], 

[125], [126], [127]. They investigated the DNA bond breakage induced by LEE 

whereby the π* orbital of the nucleobase is only about 1 eV higher than that of the 

neutral ground state of the glycosidic C-O σ bond with an equilibrium bond length 

of 1.45 Å.  

Additionally, Wang et al. concluded by comparing transient photon absorption in 

solution of DNA bases with that of solutions of nucleotides an attachment of 

prehydrated electrons specifically to the DNA base. The authors used femtosecond 

time-resolved laser spectroscopy to study the interaction of prehydrated electrons 

with deoxyribonucleotide building blocks dXMP (with X = T, A, G, C) consisting of 

one of the four DNA bases attached to a phosphate unit [128]. The prehydrated state 

of electrons last for less than a picosecond. Therefore, the free electrons are generated 

by a pulsed laser in aqueous solution consisting of dXMP. Authors found out that, 

Figure 4.9 Single electron attachment to the base induces a reaction pathway leading in a DNA 

double strand break. Autodetachment of the initial electron allows it to transfer the electron 

to the base on the opposite strand (path 1) forming two adjacent base damages. It is further 

transferring to the phosphate unit, causing a C-O bond rupture (path 2 and 4). The initial base 

stays in a dissociative state leading to C-O bond scission within the same strand (path 3). 
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before hydration of electrons occurred, some of the prehydrated electrons reacted 

with dXMP to form dXMP- anions. dGMP and dAMP are more efficient at capturing 

prehydrated electrons than dTMP and dCMP. Additionally, the generated anions 

dAMP- and dCMP- are stable, whereas dTMP- and dGMP- dissociate up to 60% of the 

total generated anions. Nevertheless, it is unclear how the secondary structure of 

double stranded DNA affects the formation of base anions. The short DNA sequence 

in HP-1 enables a maximum of one helical turn formed by twelve base pairs and is 

held together by hydrogen bonds and stacking interaction. The change of the 

secondary structure increases the complexity and stability of the DNA strand and 

could make the electron attachment with a resulting DNA bond breakage more 

difficult. An alternative hypothesis of a DSB is the formation of two independent, 

closely opposed SSBs within one helical turn. But in fact, this would lead to a non-

linearity in NSB dependency with the fluence F because of a two-electron process. 

However, this behavior could not be observed in the low energy electron-induced 

DNA damage experiments using DNA origami nanostructures. 

σSSB and σDSB have an almost identical shape in terms of energy dependency 

regardless of the actual value. Electron attachment occurs at specific electron energies 

below about 12 eV. Anion resonances appear as large changes in σSB. The strand break 

cross section for all sequences investigated in this section exhibit a broad resonant 

structure peaking at 10 eV for (CAC)4, (GTG)4, HP-1, and HP-Bt. A clear shift of 

resonance to higher electron energies compared to the 7.0-8.4 eV resonance peak of 

5'-(A12) ssDNA (chapter 4.1) with the same number of nucleotides is observed. A 

similar and strong electron energy dependent signature of SB yield was shown in 

several studies using plasmid DNA [58], [57], [108].  

The choice of the nucleotide sequence and its neighboring bases influences the 

resonance peak position and its absolute value. When comparing different ssDNA 

with the same nucleotide length, clear differences were found in the absolute σSSB 

(A12 = (6.95 ± 1.12) · 10−15 cm2 for 7 eV and (CAC)4 = (3.10 ± 0.41) · 10−15 cm2 for 10 eV) 

within their resonance peak. σSSB for DNA sequences with the same type of DNA 

nucleobases (A12) is about double as high than for DNA sequences with alternating 

bases (CAC)4 with respect to their resonance energy. The electronic properties of 

dsDNA can be strongly influenced by π-π stacking interactions of the same 

neighboring bases [129]. Sugiyama et al. demonstrated for N-methylated stacked 

nucleobases, where the interaction between two HOMO (highest occupied molecule 

orbital) orbitals of adjacent nucleobases in the neutral DNA create an energy splitting 



4 Results and Discussion 

66 

 

by generating a new HOMO of lower and a second HOMO-1 of higher energy [130]. 

Especially in telomer sequences [131] a charge transfer from a guanine stack to a 

neighboring adenine is proposed, resulting in a slightly positively charged G, which 

then can act as an electron antenna [132]. This increases the strand break cross section 

by a higher affinity towards LEE with increasing DNA sequence length [133]. The 

π - π stacking interactions strongly dependent on the geometry and the orientation 

of the DNA bases to one another. Therefore, the stacking interactions in dsDNA are 

significantly higher than in the more flexible ssDNA. However, there is an influence 

on the electronic properties of the same neighboring bases even if the bases are not 

perfectly aligned in ssDNA. This indicates a sequence dependence because of 

stacking interactions of the stacked adenine bases (A12) compared to the alternating 

(CAC)4 or (GTG)4 oligonucleotides. Furthermore, the type of DNA bases does not 

seem to make any difference for σSSB as long as there are no stacked neighboring bases 

of the same type. 

In LEE experiments with double stranded plasmid DNA on several nm thick 

films a very strong electron energy dependent signature of SBs is observed. The 

authors show a broad resonance between 7 and 13 eV for DNA single strands, 

followed by a minimum at energies of 14 to 15 eV [57]. In contrast to the SSB yield, 

the DSB yield drops totally to zero at this energy. In the DNA origami experiments 

the DSB yield is still non-zero in this energy regime and the smallest σDSB for HP-1 

(0.60± 0.29) · 10-15 cm² is observed. The DNA damage above 14 eV corresponds to the 

non-resonant mechanisms of DNA strand breakage.  Figure 4.8 shows a rise of both 

the SSB and DSB yields above 14 eV. σDSB reaches a plateau at 16 eV with similar 

values as at 10 eV, whereas σSSB is rising monotonically and no plateau is observed 

within the studied energy range for the SSBs. Within these energies, single ionization 

(eq. 4.1) with dissociation can lead to formation of reactive transients (eq. 4.2). 

 

𝑒− + 𝑅𝐻 → (𝑅𝐻)∗+ + 2𝑒−      (4.1) 

(𝑅𝐻)∗+ → 𝑅+ + 𝐻•, or 𝑅• + 𝐻+     (4.2) 

 

One positive ion is formed in a highly dissociative state (RH)*+, then a radical 

and a cation are formed which may induce further damage to DNA components. The 

thermodynamic reaction threshold depends on the bond dissociation energies D0 of 

DNA and is at about 10 eV [134]. Cross sections are expected to be in the order of 

10- 16 cm² for electron-impact ionization of CH4 molecules [135]. The same σSSB were 
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found in previous work for vacuum-UV induced DNA damage in DNA origami 

experiments for various DNA oligonucleotides [136]. Although multiple ion 

fragmentations (eq. 4.3) are possible, which are formed at electron energies below 

100 eV with CS even two orders of magnitude lower than reactions in 

equation 4.2 [137]. 

 

𝑒− + 𝑅𝐻 → 𝑅+ + 𝐻+ + 3𝑒−      (4.3) 

 

The possibility to form a neutral excited transient in a non-resonant direct 

scattering excitation of a DNA component (eq. 4.4) leads to the formation of two 

neutral radicals or a cation and anion (dipolar dissociation) (eq. 4.5). 

 

𝑒−(𝜖1) + 𝑅𝐻 → (𝑅𝐻)∗ + 𝑒−(ϵ2 <  ϵ1)     (4.4) 

(𝑅𝐻)∗ →  𝑅• + 𝐻•, or 𝑅+ + 𝐻−, or 𝑅− + 𝐻+    (4.5) 

 

The lowest dissociation energy of the electronically excited state (RH)* 

indicates the energy threshold for subsequent dissociation. D0 in DNA components is 

on average at least 4 eV and requires the ionization potential IP subtracted by the 

electron affinity EA. All mentioned reactions may lead to bond cleavage above the 

thermodynamic threshold, which results in a signature similar to that for ionization 

processes with a monotonical rise of σSB for energies above 14 eV [138]. This typical 

shape is due to the direct excitation of the neutral or its cation at any energy above 

the threshold in the Franck-Condon region. In DEA only a specific Franck-Condon 

overlap between neutral and anionic state for the initial electron capture is allowed 

for specific electron energies resulting in a sharp peak of σSB. 

4.4 2'-fluoro-2'-deoxycytidine dFC 

In addition to molecules that protect DNA from electron radiation, e.g. 

ectoine [139], there are also a group of radiosensitizers that intensify the harmful 

effects of radiation. Gemcitabine is an established drug in medicine and creates an 

irreparable error that leads to inhibition of further DNA synthesis and thereby 

leading to cell death when incorporated into DNA strands. The cytotoxic effect of 

Gem can be additionally increased by simultaneous irradiation of the cells or 
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tissue [140], [141], whereas the precise mechanism of this potential radiosensitization 

remains unknown. Nevertheless, therapy with Gem is associated with a wide range 

of adverse effects, including loss of white and red blood cells, suppressing bone 

marrow function, loss of thrombocytes and difficult breathing. Therefore, new 

potential drugs, especially radiosensitizers, are always being researched. A 

commercially available analogue to Gem is 2'-fluoro-2'-deoxycytidine (dFC) (fig. 2.9). 

In this work, well defined DNA tetramers with (5'- d(GCdFCC)-Bt and 

5'- d(dFCGCC)- Bt) and without fluorine modification (5'- d(GCCC)-Bt and 

5'- d(CGCC)- Bt) are attached to DNA origami triangles. The DNA oligonucleotides 

are named by their DNA base sequences as follow GCdFCC, dFCGCC, GCCC and 

CGCC. These experiments provide information about the reactivity of the tetramers 

towards LEEs with 7 and 10 eV electrons.  By comparing absolute DNA strand break 

cross sections, the enhancement factors EF between fluorinated (GCdFCC and 

dFCGCC) and non-fluorinated (GCCC and CGCC) sequences are determined. 

The sequences GCCC and dFCGCC are placed on the same DNA origami, as 

well as CGCC and GCdFCC. At least three series were irradiated with LEEs in the low 

fluence regime to avoid saturation of NSB. The experiments from chapters 4.1 and 4.3 

show resonances at 7 eV (poly(A) DNA) and 10 eV ((GTG)4, (CAC)4 and HP-1). 

Therefore, all samples were irradiated with 7 and 10 eV electrons in order to generate 

the greatest possible effect. The exposure response curves (fig. 4.10) of the various 

tetramers show a linear increase of NSB in dependence of the fluence. From the slope 

of the linear fit the absolute strand break cross section at 7 eV for GCCC is determined 

to be (3.29 ± 0.25) ∙ 10−15 𝑐𝑚². The modified nucleotide dFC increases the strand 

break cross section of the oligonucleotide GCdFCC towards 7 eV electrons to 

(6.80 ± 0.34) ∙ 10−15 𝑐𝑚². If the DNA base order is changed to CGCC (σSSB =  

(2.80 ± 0.15) ∙ 10−15 𝑐𝑚²) and dFCGCC (σSSB =  (7.03 ± 0.71) ∙ 10−15 𝑐𝑚²) only a slight 

change of the DNA strand break cross section is observed.  

Table 4.6 Summary of σSSB for the fluorinated ssDNA GCdFCC and dFCGCC compared to the 

unmodified ssDNA GCCC and CGCC upon electron irradiation of 7 eV and 10 eV. The 

calculated enhancement factors EF and their average EFavg are between 2.07 and 2.51. 

 

Sequence ssDNA SB Cross Section σSSB [10−15 cm2], EF and EFavg 

 7 eV EF 10 eV EF EFavg 

GCdFCC 6.80 ± 0.34 
2.07 

11.06 ± 0.49 
2.31 2.19 

GCCC 3.29 ± 0.25 4.78 ± 0.25 
dFCGCC 7.03 ± 0.71 

2.51 
11.54 ± 0.47 

2.28 2.40 
CGCC 2.80 ± 0.15 5.07 ± 0.42 
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 This indicates that there is no difference in which order the DNA bases are 

arranged. Choosing an electron energy of 10 eV shows a similar trend with even 

Figure 4.10 Summary of the irradiation experiments with fluorinated (GCdFCC, dFCGCC) and 

unmodified (GCCC, CGCC) ssDNA upon 7 and 10 eV electron energy. The determined DNA 

strand break cross sections σSSB for the fluorinated sequences are compared to the non-

fluorinated sequences. From the ratio of the cross sections, the enhancement factor EF and 

their averaged EFavg are determined. The highest EF is determined for the sequences 
dFCGCC/CGCC with 2.51 at 7 eV electrons. 
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higher CS. σSSB for the DNA sequence GCCC is determined to be (4.78 ± 0.25) ∙

10−15 𝑐𝑚² and its fluorinated oligonucleotide GCdFCC is (11.06 ± 0.49) ∙ 10−15 𝑐𝑚². 

By rearranging the order of the DNA sequence, σSSB is determined for the DNA 

sequence CGCC to be (5.07 ± 0.42) ∙ 10−15 𝑐𝑚² and for dFCGCC it is 

(11.54 ±  0.47) ∙  10−15 𝑐𝑚².  

Mauracher et al. reported density functional theory studies on the length 

dependence of electronic properties of DNA single strands consisting of up to eight 

cytosine and one Gem nucleotide located either at the 5'- or 3'-end [142]. The authors 

calculated vertical electron affinities (VEA) and vertical ionization energies (VIA). 

They found an odd-even oscillation for the VEA and VIE for all systems in the gas 

phase and in a polarizable continuum. The oscillation can be explained by the nature 

of the closed- and open-shell neutral system of the DNA sequence. Open-shell, 

neutral single strands form closed-shell anions with lower electron affinity than 

closed-shell neutral systems. In the case of VIE the closed-shell, neutral molecules are 

associated with lower VIE than those of open-shell systems due to a stronger binding 

of the remaining single electron in the HOMO than each of the electrons in the pair 

occupying the HOMO of the neutral molecule. When introducing sodium 

counterions to the system according to the number of phosphate groups, the 

oscillation is completely vanished and only slight changes in comparison to 

polarizable continuum and gas phase is observed. Due to the high concentration of 

magnesium counterions in the DNA origami irradiation experiments, the electronic 

properties (VAE and VIE) of the used DNA sequences are in theory almost identical. 

This also results in similar σSSB for the fluorinated (GCdFCC and dFCGCC) and 

unmodified (GCCC and CGCC) DNA sequences. 

 

𝐸𝐹 =  
𝜎𝑆𝐵(𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝐷𝑁𝐴 𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒)

𝜎𝑆𝐵(𝑢𝑛𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝐷𝑁𝐴 𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒)
     (4.6) 

 

The calculation of the enhancement factor EF (eq. 4.6) provides information 

about the increased sensitivity of the fluorinated DNA sequence towards LEEs of a 

certain electron energy. Table 4.6 shows the calculated respective EF and its average 

EFavg between the modified dFC and unmodified C DNA sequence towards 7 eV and 

10 eV electrons. The sensitivity of the oligonucleotide GCdFCC containing the 

fluorinated nucleobase dFC is increased by an average factor of 2.19 compared to the 

unmodified oligonucleotide GCCC. A slightly higher EFavg of 2.40 is obtained for the 
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oligonucleotide dFCGCC compared to the unmodified DNA sequence CGCC. So far, 

EFavg for oligonucleotide modification with 2-fluoroadenine 2FA of 1.5 – 1.6 (5.5, 10 

and 15 eV) [16] is determined with the same DNA origami technique. The authors 

used 13mer 2FA modified DNA strands (5'-d(TT(XTX)3TT); X = 2FA) with the fluorine 

atom at the adenine nucleobase. If X is replaced by 5-fluorouracil 5FU, enhancing 

effects towards LEE induced DNA damages are observed at specific resonances with 

values also between 1.5 – 1.6 [16]. However, the sensitivity towards LEEs only 

becomes clear when considering the energy dependency. Whereas the σSSB at 10 eV of 

2FA ((13.40 ± 2.20) ∙ 10−15 𝑐𝑚2) and 5FU ((13.10 ± 2.50) ∙ 10−15 𝑐𝑚²)) modified DNA 

sequences are almost identical, the σSSB for 2FA ((21.20 ± 0.90) ∙ 10−15 𝑐𝑚2) at 5.5 eV 

are significantly larger than for the 5FU ((11.70 ± 1.10) ∙ 10−15 𝑐𝑚2) modified DNA. 

Therefore, the comparison of EF at specific electron energies is required. Overall, it 

can be concluded, that the halogenation on the DNA sugar unit increases significantly 

the sensitivity towards LEEs even with a low ratio between fluorinated and 

unmodified DNA nucleobases. The halogenation on the nucleobase is improving the 

antenna effect for the electrons by increasing the electronegativity compared to an H-

atom and might draw electron density from the nucleobase leading to DNA backbone 

decomposition by electron delocalization. However, it must be proven whether the 

fluorine modification to the DNA sugar unit also leads to high enhancement factors 

at other energies (< 7 eV and > 10 eV). 

4.5 Comparison between manual and software analysis 

Using the DNA origami technique, a large data set is analyzed to obtain 

absolute DNA strand break cross-section at a certain electron energy with high 

precision. For a sufficient number of DNA origami nanostructures, three series (24 

samples) with a total number of 96 AFM images (4𝑥4 𝜇𝑚², 1024 pixels / line) 

containing between 15000 – 25000 DNA origami nanostructures are recorded. The 

AFM images (fig. 4.11a) contain information about topographies on the sample 

surface, which are indicated by different colors. Black areas can be assigned to the 

surface background, whereas green areas correspond to the DNA origami triangles 

on top. Pythagoras is able to detect and mark the DNA origami nanostructures based 

on the triangular shape (fig. 4.11c purple squares) by color and contrast differences. 

Separated triangles can be detected more easily on the basis of their triangular shape, 

whereas touching and overlapping triangles are more difficult to detect. Therefore, 

DNA nanostructures that deviate from a triangular shape are automatically 
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eliminated. Pythagoras cannot detect 100% of DNA origamis in the image, what means 

a sufficient number of AFM images for every sample should be available to ensure a 

high number of DNA origamis. An update in the software enables detection of 

triangles touching at the corners (bow tie) by reducing the contrast ratios between 

background and triangle (fig. 4.11c yellow squares). This increases the amount of 

detected triangles up to 80% in the entire image compared to only 35% in the first 

version of the software. Every detected (fig. 4.11d) and ignored (fig. 4.11e) DNA 

nanostructure is displayed as zoom-in  with a masked overlay of the triangular shape 

and the bright spot of middle (m) and side (s) positioned streptavidin molecules 

(fig. 4.11f). However, there are always triangles that are rated as false positive due to 

incorrect detection of a fictitious triangle (fig. 4.11g) or to wrong SAv spot detection 

(fig. 4.11h). Therefore, the software has a self-editing function in which every single 

DNA origami is listed and the results can be edited by hand. 
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Figure 4.11 a) High quality AFM image. B) Low quality AFM image with damages DNA 

origami triangles. c) Software detected triangles (yellow and purple squares) with the software 

Pythagoras. d) Zoom-in of a well-formed DNA origami triangle. Bright spots represent intact 

DNA strands bound to streptavidin. e) Detected and automatically ignored triangle. f) Same 

triangle as in d) with a mask overlay, showing the detected SAv spots. The correct detection 

of the side and middle position results in (3/3) counting. g) Incorrect detection of a triangle. 

Additionally, the triangle is counted as (0/3). h) The low contrast between triangle surface and 

SAv spots leads to a failure in SAv spot detection (white circle). 
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Figure 4.12 shows exposure-response curves and the associated σSB for 

manual, software and manually editing of the software (edit) detected DNA single 

strand breaks NSB. It is assumed, that the detection of the SAv spots is heavily 

dependent on the quality of the AFM image and that of the position of the target 

sequences on the DNA origami triangle. Therefore, the diagrams are subdivided in 

results for middle position with high (4.12a) and low quality (4.12c) and as well in side 

position with high (4.12b) and low quality (4.12d) AFM images. An example of a good 

quality AFM image is given in figure 4.11a with well-formed triangular DNA 

origamis and bright SAv spots on top. Damaged or destroyed DNA nanostructures 

with low contrast between triangle and SAv are characteristics of low quality images 

(fig. 4.11b). Randomly adsorbed SAv and salt crystals over the whole sample surface 

due to insufficient washing of the samples are also indices for low quality samples. 

 

Figure 4.12 Exposure-response curves and the associated σSB for manual counting (green/red), 

software analysis (light green/light red) and manually editing (black) of the software detected 

DNA single strand breaks NSB. The diagrams are subdivided in results for middle position with 

high (a) and low quality (c) and as well in side position with high (b) and low quality (d) AFM 

images. 
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Pythagoras_v2.0 simplifies the analysis by considering only the marked 

triangular areas, which eliminates randomly adsorbed streptavidin molecules on the 

sample surface. The detection of SAv is made by contrast differences of the green 

DNA origami nanostructure and the bright spots. Based on the fixed positions of the 

SAv molecules on the trapezoids, the software can distinguish between the middle and 

side position by measuring the distance between the centers of the detected SAv area 

and the closest corner of the triangle. Thus, the side position is characterized by a 

shorter distance to the nearest corner than for the central position to the same corner. 

If a certain distance between the side position and nearest corner is below a threshold 

value, the SAv spot is not included in the statistics. This occurs when SAv is bound 

non-specifically to blunt-ends in the gaps of the triangle corners. For this reason, it is 

expected that the detection of the middle position is more reliable. 

 

Table 4.7 Summary of σSSB for random ssDNA determined manual, by the software 

Pythagoras, and manual edited software results for high and low quality AFM images, as well 

as for the side (s) and middle (m) position of the target sequences. The results show different 

number of detected and counted triangles for the three different analysis methods. The 

percentage in brackets relates to the software detected triangles. 

 

Table 4.7 summarizes all data of manual, software and software edit analysis. 

The overall amount of software detected DNA origami triangles is between 45-60% 

compared to manual detection, depending on the quality of the AFM images. While 

with manual analysis all detected triangles are included in the statistics, in the 

software analysis a large part of the detected DNA origami tringles is automatically 

High quality images 

 manual software edit 

Detected triangles 24196 11256 7568 

Counted triangles 24196 7568 (67%) 3344 (30%) 

σ [ 10-15 cm²] 
5.54 ± 0.34 (m) -2.45 ± 1.61 (m) 5.32 ± 0.75 (m) 

5.11 ± 0.14 (s) -0.41 ± 0.24 (s) 5.71 ± 0.35 (s) 

low quality images 

 manual software edit 

Total triangles 18458 10786 6412 

Counted triangles 18458 6412 (59%) 3121 (29%) 

σ [ 10-15 cm²] 
4.54 ± 0.21 (m) 0.06 ± 1.09 (m) 4.56 ± 0.46 (m) 

4.24 ± 0.36 (s) -0.87 ± 1.32 (s) 4.22 ± 0.56 (s) 
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removed from the statistics for both high (67%) and low quality (59%) images. 

Subsequent manual editing of the software detected triangles further reduces the 

number to only 30% of the usually detected nanostructures from the software 

regardless of the image quality. 

The NSB of the software analysis (light green and light red) is always 

significantly higher than that of the manual determination and changes slightly with 

increasing fluence independently of the image quality and positioning. These high 

values for the strand breakage yield are unusual, as the manual evaluation usually 

gives values between 10 and 40% with increasing fluence. A non-detection of the SAv 

spot and thus a higher yield of NSB in the software can have various reasons: i) The 

contrast ratio between the DNA origami triangle surface and the SAv is too weak and 

is therefore not recognized by the software. ii) The SAv spot area must exceed a 

minimum value and fall below a maximum value in order to exclude detection of 

random contamination. iii) Due to the length of the DNA strand, the SAv spots are 

not fixed and can be shifted by a few nanometers when it dries on the surface. Since 

the side and middle positions are recognized by the software in a specific area, 

inconsistencies in the definition of the type of position can occur. A high degree of 

correspondence of the slope between manual and software editing is observed in all 

high and low quality images, as well as in middle and side position. This result is to be 

expected, since the analysis is also based on the manual analysis. The editing feature 

in the software not only enables the correction of all analyzed nanostructures, but also 

reduces the processing time of about 30% compared to the manual analysis.  

A huge database is generated and enables machine learning in future versions 

of the software. Independent machine learning leads to an improvement in the 

software results and, without self-editing, could produce results similar to those of 

manual evaluation. Normally three weeks are required for the preparation, 

irradiation and analysis of approx. 25.000 DNA origami nanostructures modified 

with two different DNA target sequences. The use of fully automatic software 

without self-editing could reduce the processing time to a third in the future. 

4.6 DNA groove binding agents as radiosensitizers 

DNA origami nanostructures are considered to be very efficient drug delivery 

vehicles due to DNA minor groove binding [143]. This property can be used to load 

DNA origami triangles with different photosensitive DNA binders. Photosensitive 

DNA binders have a high affinity to the major or minor groove of the DNA double 
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helix. Their affinity for DNA oligonucleotides is based on their non-covalent binding 

to the DNA strand by ion exchange. The binding is also dependent on the type of the 

DNA (single or double stranded) and the nucleotide sequence. Light-induced 

oxidative damage of DNA origami nanostructures modified with 5’-(GTG)4 and 

HP- 1 covered with low concentrations of the photosensitive DNA groove binders 

[ANT994], [ANT1083] and [Cr(ddpd)2][BF4]3  are analyzed by AFM imaging on the 

single molecule level. The molecules [ANT994] and [ANT1083] have been synthetized 

and partially characterized by Dr. Werner Fudickar and Prof. Dr. Thorsten Linker from 

the University of Potsdam, Department of Organic Chemistry. The chromium-(III)-

complex has been synthetized and characterized by Prof. Dr. Katja Heinze from 

Johannes Gutenberg University of Mainz of the Institute of Inorganic Chemistry and 

Analytical Chemistry and Dr. Ute Resch-Genger and Cui Wang from the Federal 

Institute of Materials Research and Testing from the Division 1.2 Biophotonics. The 

measurements in chapter 4.6 (fig. 4.16) are made by Cui Wang. 

 

a)  [ANT994] 

A new DNA groove binding agent of substituted 9,10-para-

methylpyridiniumanthracen [ANT994] (fig. 2.11a) has been synthesized [96], [98] by 

Fudickar et al. [96]. Its strong minor groove binding mode [144] to DNA AT base pairs 

is confirmed by DNA melting studies, circular dichroism and the dependence of the 

binding affinity on ionic strength. The binding constants from poly(dA:dT) are in the 

range between 1 · 104 and 3 · 105 M-1, whereas no binding occurs to GC sequences. 

Figure 4.13 shows the optimized docking geometries of [ANT994] to a Dickerson-

Drew B-DNA dodecamer. From eight possible docking conformations, seven were 

found in the minor groove of the DNA with an affinity of -7.3 kcal/mol. [ANT994] has 

a very weak emission at 530-540 nm in aqueous solution. Upon titration with calf-

thymus DNA the intensity increases strongly by the factor of 5 and the maximum 

emission intensity is blue-shifted compared to the free form. This is rather small 

compared to other DNA binders [145]. 
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The groove binding is also supported by DNA melting studies. Whereas 

intercalation of molecules between DNA base pairs usually enhances the stability of 

the double helix causing a noticeable rise of the melting temperature Tm, [ANT994] 

shows no change in the Tm and no intercalation is expected. By insertion into the DNA 

backbone, the DNA helix becomes lengthened and the diminished extensibility 

results in a higher melting temperature. Additionally, [ANT994] serve as oxygen 

carrier by photosensitization from ground-state O2. It is a chemical source of 1O2 by 

forming aromatic endoperoxides (EPO) in a defined quantity (fig. 4.14). EPOs achieve 

a clean release of excited oxygen without remaining oxidation reagents in aqueous 

solution and dry state, which also favors the determination of DNA damage with the 

DNA origami technique. 

 

 

Figure 4.14 Concept of a chemically triggered release of oxygen from EPO [ANT994]-O2. 

Figure 4.13 Optimized docking geometry of [ANT994] to a Dickerson-Drew B-DNA 

dodecamer. The letters O (oxygen) and P (phosphor) indicate the positions of phosphate 

groups. Figure is reprinted with permission from ref. [98]. 
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DNA origami nanostructures modified with 5’-(GTG)4 and HP-1 are adsorbed 

on silicon surface as described in chapter 3.1. In addition, 100 and 200 nM of the 

[ANT994] solution is added and incubated to the DNA triangles for one hour (h). 

DNA origami triangles modified with the target sequences covered with [ANT994] 

are irradiated at 530 nm UV-Vis light for one hour in dry state. Figure 4.15 

summarizes the NSB of the different target sequences (GTG)4 and HP-1. UV-Vis 

irradiation of DNA origami triangles modified with the target sequences stay intact 

and no deformation is observed. By adding [ANT994] to the DNA origami 

nanostructures in concentrations of 100 and 200 nM, no significant DNA damage is 

observed independent of the DNA sequence. Only a slightly higher DNA damage is 

obtained for the 200 nM sample after exposure to UV-Vis light for one hour. However, 

the DNA damage in both ssDNA ((GTG)4) and dsDNA (HP-1) is very low and can be 

neglected. If the concentration of [ANT994] is increased to maximize the DNA 

damaging effect, no intact DNA origami triangles can be obtained. This might be from 

the groove binding, where the secondary structure of the triangles is disturbed and a 

deformation occurs. In summary, [ANT994] is not suitable for investigating DNA 

damage using the DNA origami technique and might not serve as potential 

photosensitizer since it also has no strong DNA binding affinity. 

 

Figure 4.15 Diagram shows the number of strand break NSB from (GTG)4 and HP-1 modified 

DNA origami triangle covered without and with 100 and 200 nM [ANT994] illuminated for 

30 minutes at 530 nm. [ANT994] shows no damaging effect on the target sequences either in 

100 or 200 nM concentrations. 
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b) [ANT1083] 

[ANT1083] is a potential new photosensitizer and there are no fundamental 

studies available at this point. It is expected that the binding strength to DNA 

increases with the size of the substituents attached at the anthracene site.  Therefore, 

[ANT1083] (fig. 2.11) has a C-C triple bond (alkyne) between the anthracene and the 

methylpyrimidine substituents. This hinders the rotation of the substituents with a 

more linear shape than in [ANT994]. Modified DNA origami triangles with (GTG)4 

and HP-1 were incubated with 200 nM [ANT1083] and exposed to UV-Vis light (430 

nm) up to ten minutes. Irradiated control samples without [ANT1083] incubation stay 

intact and no deformation was observed upon UV-Vis irradiation independent of the 

DNA target sequence. The damaging effect of the DNA target sequences are shown 

in figure 4.16 with a slight increase of NSB over time. It is expected that the binding to 

double stranded DNA is favored compared to single stranded DNA based on the 

non-covalent binding due to ion exchange on the DNA backbone in the DNA grooves. 

As the number of photons from the irradiation source is unknown over time, a precise 

determination of the DNA strand break cross section is not possible. Additionally, it 

is unclear, if the photon beam is homogeneous on the analyzed surface area. The 

increase in strand breakage yield over the irradiation time alone provides information 

about the DNA damage caused by UV-Vis radiation in combination with [ANT1083]. 

However, there is no clear difference between the damage of ssDNA ((GTG)4) and 

dsDNA (HP-1) upon UV-Vis irradiation over time. LEE-induced irradiation 

experiments proof the higher stability towards radiation resulting in a lower σDSB. The 

formation of reactive singlet oxygen is close to the light absorbing PS and in areas that 

have been exposed to radiation. Since, [ANT1083] binds favorably to dsDNA, the 

DNA damage of HP-1 increases compared to (GTG)4. This explains the almost 

identical DNA damages in both target sequences due to randomly accumulated PS 

on the DNA origami triangle. Nevertheless, [ANT1083] represents a good PS, which 

is suitable for the investigation of DNA strand breaks with the DNA origami 

technique. Further experiments in aqueous solution on the sample surface can 

enhance the effect of the DNA strand breakage using UV-Vis light. 
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c) [Cr(ddpd)2][BF4]3 

The octahedral chromium-(III) complex is a phosphorescent emitter with long 

excited state lifetime up to 898 µs in water with corresponding quantum yields of 11% 

in the absence of O2 [146]. The formation of singlet oxygen from the excited state and 

triplet oxygen due to energy transfer has a quantum yield of 61% in DMF. 

[Cr(ddpd)2]3+ is highly water soluble and stable in high and neutral pH. Upon 

irradiation with 435 nm LED light, no photodecomposition is observed for at least 

5 h. This makes it suitable as PS and can be probed by the DNA origami technique. 

The same irradiation setup is used as in 4.6 a) and b) with a chromium-(III) complex 

concentration of 200 nM.  

Figure 4.16 Diagram shows the number of strand breaks NSB from (GTG)4 and HP-1 modified 

DNA origami triangles covered without and with 100 and 200 nM [ANT1083] illuminated for 

30 minutes at 430 nm in dry state. [ANT1083] shows a slight damaging effect on the target 

sequences either in 100 or 200 nM concentrations.  
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The absorption band of chromium-(III) with (GTG)4 and HP-1 modified DNA 

origami nanostructures increases at 260 nm due to the content of DNA. After 

illumination with 435 nm for one hour, no change in the absorption spectra is 

observed. Importantly, the emission maximum at 778 nm of the chromium-(III)-DNA 

origami solution mixture decreases after irradiation with LED at 435 nm to the level 

of the emission maximum of the chromium-(III) solution alone. The reason for that 

could be a separation of the chromium-(III)-DNA origami complex in its single 

components after illumination for one hour. All lifetimes and quantum yields of the 

different species are summarized in figure 4.17d. Addition of the DNA origami 

nanostructures to the chromium-(III) complex increases the lifetimes from 180 µs to 

270 µs. The associated quantum yield also increased from 2.1 to 3.0% due to the 

formation of an excited oxygen state. Subsequent irradiation of the mixture shifts the 

values back to the initial values due to the dissolution of the non-covalent bond of 

both reaction partners. 

Figure 4.17 a) Absorption spectra from [Cr(ddpd)2][BF4]3 (black), in interaction with DNA 

origami triangles modified with (GTG)4 and HP-1 (red) and after illumination of the 

chromium-(III) -DNA mixture (blue). b) The associated fluorescence spectra from a). c) 

Measured timescans with quantum yields and lifetimes (d). All measurements are made by 

Cui Wang. 
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LED induced DNA strand breakage using (GTG)4 and HP-1 modified DNA 

origami nanostructures with 200 nM of chromium(III)-complex in aqueous solution, 

prove a slightly damaging effect due to the generation of 1O2. DNA damage is caused 

by the formation of singlet oxygen, since no DNA damage can be obtained in control 

samples (fig. 4.18a) without a chromium (III) complex. A saturation of NSB is reached 

faster for higher concentrations (fig. 4.18b-d) of the chromium(III) complex. Mainly, 

the saturation is caused by interstrand crosslinks on the DNA origami nanostructures, 

whereas cleaved DNA strands remain on the triangular origami surface. Therefore, 

shorter irradiation times are useful in future experiments in order to obtain as many 

data points as possible within the linear increase. Nevertheless, chromium has a high 

affinity for DNA nanostructures, which can be confirmed by means of emission 

Figure 4.18 Diagram shows the number of strand breaks NSB from (GTG)4 and HP-1 modified 

DNA origami triangles covered without and with 100 and 200 nM [Cr(ddpd)2][BF4]3 

illuminated for 30 minutes at 435 nm in aqueous solution. [Cr(ddpd)2][BF4]3 shows a damaging 

effect on the target sequences for all concentrations (5, 20 and 50 µM). 

 



4 Results and Discussion 

84 

 

spectra, lifetimes and quantum yields. In addition, the exposure of well-defined DNA 

target sequences to LEDs at 435 nm in the presence of the chromium complex causes 

DNA damage. This means that the [Cr(ddpd)2][BF4]3 is also suitable as a 

photosensitive molecule for use in cell experiments. However, its biocompatibility 

due to membrane-passing properties because of its hydrophilic ligands still has to be 

tested and improved [99], [100]. 
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5 Summary and Outlook 

In this work the DNA origami technique established by Keller et al. [10] is used 

to investigate electron-induced DNA single and double strand breaks in dependence 

of the DNA sequence, length and electron energy. Therefore, a novel irradiation setup 

developed by Rackwitz et al. is used to investigate LEE induced DNA strand break 

yields [16]. The setup and irradiation process were adopted and improved by 

redetermining the zero point energy of the charged silicon substrates from 2 V to 3.2 

V. Additionally, the beam shapes were successfully characterized and optimized for 

electron energies between 5 and 20 eV, which are required for the energy-dependent 

radiation experiments. Furthermore, the factor 𝑓 was determined for each energy in 

order to obtain absolute fluence values. 

Overall, absolute cross sections of DNA single and double strand breaks were 

determined in the range of 10-15 cm2 in the present work, whereas values in the range 

of 10-16 cm2 were determined in similar irradiation experiments with VUV photon 

radiation [11].  

A major focus was on the determination of the energy-dependent DNA 

damage of adenine-rich ssDNA 5'-(A4), 5'-(A8), 5'-(A12), 5'- (A16), and 5'-(A20), in which 

the highest absolute cross sections were determined between 7.0 and 8.4 eV for all 

sequences. Furthermore, DNA origami triangles were modified with double stranded 

DNA hairpins HP-1 (5'-d(CAC)4T(Bt-dT)T2(GTG)4) for the first time and their 

damaging ability upon LEE irradiation in the range of 5 to 20 eV were investigated. 

Compared to the complementary single strands (5'-d(CAC)4 and 5'-d(GTG)4), a lower 

CS with a factor of about 3 was determined for HP-1 at every energy. The σSB for all 

sequences investigated in this section exhibits a broad resonant structure peaking at 

10 eV. This means a clear shift of resonance to higher electron energies compared to 

the 7.0-8.4 eV resonance peak of 5'-(A12) ssDNA with the same number of nucleotides. 

A similar signature of the SB yield, which is strongly dependent on the electron 

energy, was shown in several studies using plasmid DNA and could be supported 

with these energy-dependent irradiation experiments. The peak position and its 

absolute value are influenced by the choice of the nucleotide sequence and its 

neighboring bases. 

The fluorination of the sugar unit in the backbone resulting in 2'-fluoro-2'-

deoxycytidine leads to a significant increase in the sensitivity towards LEEs at 7 and 

10 eV. A low ratio between fluorinated and unmodified DNA nucleobases is sufficient 
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to achieve an enhanced sensitivity upon LEE irradiation. The arrangement and order 

of the DNA bases is not influencing the DNA damage at all. 

DNA origami triangles were loaded with low concentrations of the three 

different DNA binders [ANT994], [ANT1083] and [Cr(ddpd)2][BF4]3 to investigate the 

light-induced oxidative damage of 5'-d(GTG)4 and HP-1 DNA sequences. When 

irradiated with UV-Vis light, a damaging effect of the generated singlet oxygen 1O2 in 

aqueous ([Cr(ddpd)2][BF4]3) and dry state ([ANT1083]) could be determined by the 

DNA binder compared to unmodified DNA origami triangles, whereas [ANT994] did 

not show any photosensitive effect on single and double-strand modified DNA 

triangles. 

The analysis of the DNA irradiation experiments is supported by the software 

Pythagoras to handle the huge amount of data. We successfully optimized the analysis 

procedure through time savings of 30%, which can be further improved in the future 

by generating huge databases for machine learning. If the AFM images are of 

sufficiently high quality, machine learning can help improving the results to a level 

that is as good as with manual evaluation even without manual editing. This could 

reduce the analysis time of an entire experiment with a total of 25,000 DNA origamis 

triangles from three weeks to only one or two days. 

An important chapter of this work deals with the energy-dependent DNA 

damage of ssDNA and dsDNA between 5 and 20 eV. The current setup has an energy 

resolution of 1.2 ± 0.07 eV, which means that the results are meaningful due to the 

minor error in the CS and the good reproducibility of the individual results, but must 

be viewed with caution due to the weak energy resolution. It is also known that 

anionic resonances at energies close to 0 eV were determined in DEA gas phase 

experiments. Therefore, an upgrade of the irradiation setup with an electron 

monochromator is planned. This is intended to achieve an energy resolution of 

100 - 200 meV, which provides a more precise information about energy-dependent 

experiments. With this setup, the DNA damage of fluorinated compared to 

unmodified DNA double strands can be examined depending on their electron 

energy between almost 0 to 20 eV electrons. A good application for this upgraded 

setup would be the investigation of multiple fluorination in double stranded DNA in 

dependence of the electron energy. 
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7 Appendix 

Figure 7.1 Schematic illustration of the unmodified triangular DNA origami template. Circled staple 

strand codes (black – middle positon; green – side positon) represents the modified positions on the 

DNA origami triangle. 
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Table 7.1. List of all modified DNA target sequences used during the irradiation experiments. 

 List of modified sequences 

Name Sequence 5’  3’ Staple code 

A4 Bt-(A)4 t-1s4i/14i/24i 

A8 Bt-(A)8 t-7s8g/18g/28g 

A12 Bt-(A)12 t-1s4i/14i/24i 

A16 Bt-(A)16 t-7s8g/18g/28g 

A20 Bt-(A)20 t-1s4i/14i/24i 

(CAC)4 Bt-(CAC)4 t-7s10g/20g/30g 

(GTG)4 (GTG)4-Bt t2s5f/15f/25f 

HP-1 (CAC)4T(Bt-dT)T2(GTG)4 t-7s10g/20g/30g 

HP-Bt T(Bt-dT)T2 t2s5f 

T-Bt T-Bt t2s5f 

GCCC GCCC t-1s4i/14i/24i 

CGCC CGCC t-7s8g/18g/28g 

GCdFCC GCdFCC t-1s4i/14i/24i 
dFCGCC dFCGCC t-7s8g/18g/28g 

 

 

 

Table 7.2 List of all staple strands used for target sequences positioning on the DNA origami 

triangle. 

List of modified sequences used during experiments 

Staple code Sequence 5’  3’ 

t-1s4i T TTA ACC TAT CAT AGG TCT GAG AGT TCC AGT A 

t-1s14i C AAC AGT TTA TGG GAT TTT GCT AAT CAA AAG G 

t-1s24i GGA AGA TGG GGA CGA CGA CAG TAA TCA TAT T 

t-7s8g GC GCC TGT TAT TCT AAG AAC GCG ATT CCA GAG CCT AAT TT 

t-7s18g C ACT TAA TCT TGA CAA GAA CTT AAT CAT TGT GAA TT 

t-7s28g TT CCA GTC CTT ATA AAT CAA AAG AGA ACC ATC ACC CAA AT 

t-7s10g GCC AGT TAC AAA ATA ATA GA AGG CTT ATC CGG TTA TCA AC 

t-7s20g ACC TTA TGC GAT TTT ATG ACC TTC ATC AAG AGC ATC TTT G 

t-7s30g CAA GTT TTT TGG GGT CGA AAT CGG CAA AAT CCG GGA AAC C 

t2s5f CCG GAA CCC AGA ATG GAA AGC GCA ACA TGG CT 

t2s15f ATA GTA GTA TGC AAT GCC TGA GTA GGC CGG AG 

t2s25f AAG GAA TTA CAA AGA AAC CAC CAG TCA GAT GA 

t5s8g TTG ACG GAA ATA CAT ACA TAA AGG GCG CTA ATA TCA GAG A 

t5s18g TAA TTG CTT TAC CCT GAC TAT TAT GAG GCA TAG TAA GAG C 

t5s28g GAA TAC GTA ACA GGA AAA ACG CTC CTA AAC AGG AGG CCG A 
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Table 7.3 List of the calculated current percentage 𝑰% for every used electron energy. 

 Settings for all electron energies used by the flood gun 

Energy [eV] ENG [V] FIL [A] ANO [V] 𝑰% 𝒇 

5.0 8.2 

2.1 

1.4 5.60 2.75 

6.0 9.2 1.5 5.77 2.60 

7.0 10.2 1.7 5.88 2.42 

8.0 11.2 1.7 5.90 2.26 

8.4 11.6 1.7 5.93 2.16 

8.8 12.0 1.8 7.39 2.14 

9.0 12.2 1.8 5.91 2.10 

10.0 13.2 1.9 6.00 2.02 

11.0 14.2 1.9 5.90 1.95 

12.0 15.2 2.0 6.22 1.87 

13.0 16.2 2.0 5.93 1.72 

14.0 17.2 2.1 7.28 1.66 

15.0 18.2 2.1 6.32 1.61 

16.0 19.2 2.1 6.12 1.50 

17.0 20.2 2.2 5.99 1.30 

18.0 21.2 2.2 6.07 1.25 

19.0 22.2 2.3 6.12 1.08 

20.0 23.2 2.3 6.11 1.02 

 

 

Figure 7.2 Technical drawing of the electrical circuit of the electron gun FS100. The electron 

gun includes the four electrostatic lenses shutter (SHU), anode (ANO), extractor (EXT), the 

Wehnelt cylinder (WEH) and the beam voltage (ENG). A multimeter (EMS) is connected to 

the filament (FIL) and controls the emission current. The picoamperemeter (PIA) is 

connected to the faraday cup (FC) collecting the absolute current IFC. Settings for ANO and 

ENG vary for each electron energy (see tab. 7.3) This image is adopted from ref. [15]. 
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