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Abstract

In Germany more than 200.000 persons die of cancer every year, which
makes it the second most common cause of death. Chemotherapy and radi-
ation therapy are often combined to exploit a supra-additive effect, as some
chemotherapeutic agents like halogenated nucleobases sensitize the cancer-
ous tissue to radiation. The radiosensitizing action of certain therapeutic
agents can be at least partly assigned to their interaction with secondary
low energy electrons (LEEs) that are generated along the track of the ion-
izing radiation. In the therapy of cancer DNA is an important target, as
severe DNA damage like double strand breaks induce the cell death. As
there is only a limited number of radiosensitizing agents in clinical practice,
which are often strongly cytotoxic, it would be beneficial to get a deeper
understanding of the interaction of less toxic potential radiosensitizers with
secondary reactive species like LEEs. Beyond that LEEs can be generated
by laser illuminated nanoparticles that are applied in photothermal therapy
(PTT) of cancer, which is an attempt to treat cancer by an increase of tem-
perature in the cells. However, the application of halogenated nucleobases
in PTT has not been taken into account so far.

In this thesis the interaction of the potential radiosensitizer 8-bromoadenine
(8BrA) with LEEs was studied. In a first step the dissociative electron at-
tachment (DEA) in the gas phase was studied in a crossed electron-molecular
beam setup. The main fragmentation pathway was revealed as the cleavage
of the C-Br bond. The formation of a stable parent anion was observed
for electron energies around 0 eV. Furthermore, DNA origami nanostruc-
tures were used as platformed to determine electron induced strand break
cross sections of BT A sensitized oligonucleotides and the corresponding non-
sensitized sequence as a function of the electron energy. In this way the in-
fluence of the DEA resonances observed for the free molecules on the DNA
strand breaks was examined. As the surrounding medium influences the
DEA, pulsed laser illuminated gold nanoparticles (AuNPs) were used as
a nanoscale electron source in an aqueous environment. The dissociation
of brominated and native nucleobases was tracked with UV-Vis absorption
spectroscopy and the generated fragments were identified with surface en-
hanced Raman scattering (SERS). Beside the electron induced damage, nu-
cleobase analogues are decomposed in the vicinity of the laser illuminated
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nanoparticles due to the high temperatures. In order to get a deeper un-
derstanding of the different dissociation mechanisms, the thermal decompo-
sition of the nucleobases in these systems was studied and the influence of
the adsorption kinetics of the molecules was elucidated. In addition to the
pulsed laser experiments, a dissociative electron transfer from plasmonically
generated ”hot electrons” to 88" A was observed under low energy continuous
wave laser illumination and tracked with SERS. The reaction was studied
on AgNPs and AuNPs as a function of the laser intensity and wavelength.
On dried samples the dissociation of the molecule was described by fractal
like kinetics. In solution, the dissociative electron transfer was observed as
well. It turned out that the timescale of the reaction rates were slightly
below typical integration times of Raman spectra. In consequence such re-
actions need to be taken into account in the interpretation of SERS spectra
of electrophilic molecules.

The findings in this thesis help to understand the interaction of bromi-
nated nucleobases with plasmonically generated electrons and free electrons.
This might help to evaluate the potential radiosensitizing action of such
molecules in cancer radiation therapy and PTT.
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Zusammenfassung

Mit deutschlandweit iiber 200.000 Todesfallen pro Jahr ist Krebs die
zweithaufigste Todesursache. In der Krebstherapie werden haufig Strahlen-
und Chemotherapie kombiniert, da das Krebsgewebe durch die Gabe bes-
timmter Chemotherapeutika, z.B. halogenierte Nukleinbasen, gegeniiber
ionisierender Strahlung sensibilisiert wird. Die Wirkung dieser sogenannten
Radiosensibilatoren ldsst sich zumindest teilweise auf ihre Wechselwirkung
mit niederenergetischen Elektronen zuriickfiihren, welche in hoher Zahl ent-
lang der Trajektorie hochenergetischer Teilchen oder Photonen erzeugt wer-
den. In der Krebstherapie ist die DNA ein wichtiger Angriffspunkt, da
schwere DNA-Schéden wie Doppelstrangbriiche zum Zelltod fithren kénnen.
In der klinischen Praxis ist die Anzahl der eingesetzten meist zytotoxischen
Radiosensibilisatoren relativ begrenzt. Zur Verbesserung der bestehenden
Therapien durch den Einsatz von Medikamenten mit geringeren Neben-
wirkungen, ist es notwendig die Wechselwirkungen zwischen potentiellen
Radiosensibilisatoren und reaktiven Sekundérteilchen wie niederenergetis-
chen Elektronen besser zu verstehen. Neben der Strahlentherapie werden
niederenergetische Elektronen auch durch Laserbestrahlung von plasmonis-
chen Nanopartikeln erzeugt, welche in der Photothermaltherapie (PTT) An-
wendung finden. Die mogliche Anwendung von halogenierten Nukleinbasen
zur Verbesserung der Photothermaltherapie ist jedoch bisher noch nicht in
Erwéagung gezogen worden.

Im Rahmen dieser kumulativen Dissertation wird die Wechselwirkung
des potentiellen Radiosensibilisators 8-Bromoadenin (33*A) mit niederen-
ergetischen Elektronen untersucht. Unter Verwendung eines gekreuzten
Molekiil-Elektronenstrahls wurde in einem ersten Schritt die dissoziative
Elektronenanlagerung (DEA) an B'A untersucht. Dabei zeigte sich, dass
der Hauptzerfallskanal in dem Aufbrechen der C-Br Bindung besteht.
Dariiberhinausgehend wurde bei der Anlagerung von Elektronen mit einer
Energie von 0 eV ein stabiles 88"A Anion beobachtet. Um den Einfluss der
DEA-Resonanzen, die fiir freie Molekiile in der Gasphase beobachtet wur-
den, auf die elektroneninduzierten DNA-Strangbriiche zu untersuchen wur-
den DNA- Origami-Nanostrukturen mit Elektronen bestrahlt. Die DNA-
Origami-Strukturen wurden sowohl mit 88" A modifizierten Oligonukleotiden
und der nicht modifizierten Kontrollsequenz bestiickt und die Strangbruch



Wirkungsquerschnitte in Abhangigkeit von der Elektronenenergie bestimmt.
DEA-Prozesse hiangen stark von dem umgebenden Medium ab. Aus diesem
Grund wurden laserbestrahlte Gold-Nanopartikel (AuNPs) als Elektronen-
quellen auf der Nanoebene verwendet. Der Zerfall von bromierten und un-
modifizierten Nukleinbasen wurde mit UV-Vis-Absorptions-Spektroskopie
verfolgt, wahrend die Identifizierung der entstandenen Fragmente tiber
Oberflachenverstarkte Ramanstreuung (SERS) erfolgte. Neben dem elek-
troneninduzierten Schaden, werden die Nukleinbasen in der Umgebung der
AuNPs durch die hohen Temperaturen auch thermisch zersetzt. Um diese
verschiedenen Prozesse auseinander halten zu kénnen, wurde die thermis-
che Zersetzung auf den laserbestrahlten AuNPs detailliert untersucht und
der Einfluss der Adsorptionskinetik herausgearbeitet. Elektroneninduzierte
Reaktionen auf Nanopartikeln finden nicht nur bei Bestrahlung mit inten-
siven Laser-Pulsen statt. Ein dissoziativer Elektronentransfer auf 8PrA,
der zum Aufbrechen der C-Br Bindung fiihrt, konnte ebenfalls wahrend
der Bestrahlung mit einem kontinuierlichen Laser geringer Intensitdt mit
SERS beobachtet werden. Mit Hilfe von fraktaler Kinetik konnten dabei
die Reaktionen auf getrockneten Proben beschrieben werden. Auf diese Art
wurde die Reaktion sowohl auf AulNPs als auch auf AgNPs als Funktion der
Laserintensitdt und -Wellenldnge untersucht. Ebenfalls in Losung konnte
das Auftrennen der C-Br Bindung beobachtet werden, wobei die Zeitskalen
der Reaktion ein wenig kiirzer als die typischen Integrationszeiten bei Ra-
manmessungen waren. Aus diesem Grund miissen Dissoziative-Elektronen-
Transfer- Reaktionen bei der Interpretation von SERS Spektren mit in Be-
tracht gezogen werden.

Die Ergebnisse dieser kumulativen Doktorarbeit fordern das Verstandnis
der Wechselwirkungen zwischen bromierten Nukleinbasen mit freien und
plasmonisch erzeugten Elektronen. Dies konnte dabei helfen das Potential
von 8BrA als méglicher Radiosensibilisator besser beurteilen zu kénnen.
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Introduction

Cancer is a lethal disease, where body cells abnormally grow and tend to
spread over the body. Cancer therapy generally requires harsh methods
like surgery, chemotherapy and radiation therapy, which can have severe
side effects and bear risks for the patient [I]. In radiation therapy cancer
cells are killed by irradiating the tumorous tissue with energetic particles or
photons. It is assumed that the cell death is caused by damage of the de-
oxyribonucleic acid (DNA) located in the nucleus that contains the heretic
information required to build new cells [2]. A single double strand break
(DSB) is assumed to be sufficient to induce the cell death [3]. The majority
of the DNA damage is mediated by reactive secondary species like hydroxyl
radicals and low energy electrons that are generated in the hydrolysis of
water [4]. The latter ones are the most abundant secondary species, how-
ever it is assumed that their reactivity towards the DNA is limited to a
femtosecond (fs) timescale [5]. As soon as water molecules solvate the elec-
trons, they are assumed to be relatively unreactive, hence their relevance
in the DNA damage was assumed to be negligible [4]. Consequently, it is
beneficial for radiation therapy if the reactivity of DNA in cancer cells can
be enhanced towards hydrated and prehydrated electrons. To increase the
radiation damage to cancerous tissue, radiosensitizing agents are adminis-
tered, which accumulate in cancer cells due to their enhanced metabolism
[6]. One example of radiosensitizers are modified nucleobases (NBs), which
are incorporated into the DNA doublestrand to enhance the damage to the
DNA or inhibit its repair[7]. Incorporated electrophlic molecules can capture
an electron and decay rapidly via dissociative electron attachment (DEA).
In DEA a short lived anion is formed, which subsequently relaxes by form-
ing an anionic and one or more neutral fragments [8]. In this way, radicals
in the DNA strand can be formed, which might act as a precursor for a
strand break [9]. Additionally such radiosensitizing molecules act as a kind
of antenna that captures the electrons [10] and subsequently transfers them
towards the DNA backbone. In consequence the DNA backbone can break
due to the attachment of the excess electron [11].

The importance of the NB adenine in the electron induced DNA damage
was underestimated for a long time as a weak interaction with electrons was
assumed [12]. However, recent studies show that the low energy electron
(LEE) induced damage to DNA oligonucleotides depends on their sequence
with the highest strand break cross section for adenine rich sequences [13].
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CHAPTER 1. INTRODUCTION

Moreover, the incorporation of bromine containing NBs like 5-bromouracil
(°BrU) significantly enhances the single strand break (SSB) cross section [T3].
Hence, the focus of this thesis is to evaluate the potential of the brominated
adenine analougue 8-bromoadenine (*8TA) as radiosensitizer. The interac-
tion of LEEs with 8BTA is studied with different approaches. For example,
their decomposition around laser illuminated gold nanoparticles (AuNPs) is
investigated. AuNPs are used e.g. in cancer photothermal therapy (PTT).
In PTT the extraordinary absorption of AuNPs of visible and near infrared
(NIR) photons is exploited to convert the light of a NIR laser into heat
and kill the cells due to the elevated temperatures [14]. The heating of the
AuNPs is mediated by the non-radiative decay of collective oscillations of the
conduction electrons, the so called surface plasmons (SP), which are excited
by the electrical field of the incoming light. There are different attempts
using continuous wave (cw) and pulsed lasers in PTT. In the former the
cells are killed by hypothermia and in the latter especially the DNA is dam-
aged by a short ranged high temperature and pressure region close to the
AuNPs [15]. Moreover, from plasmonic catalysis it is known that so called
"hot electrons”, which are an intermediate in the plasmon induced AuNPs
heating can be transfered to adsorbed molecules and trigger chemical reac-
tions [16]. This effect might be exploited in the combination of electrophilic
DNA-radiosensitizers together with laser illuminated AuNPs to enhance the
DNA damage in PTT and on the long term help to improve this therapy.

In order to study the interaction of 8B'A with LEEs and evaluate its
potential as radiosensitizer, DEA experiments in the gas phase have been
performed with a crossed electron-molecular beam setup. The results for
electron energies below 3 eV are published in manuscript 1 (M1) [17] and
show the generation of a stable parent anion by the attachment of electrons
with an energy close to 0 eV by forming a complex of an almost closed shell
Br~ and an adenyl radical. As observed for all native NBs the subtrac-
tion of a hydrogen atom is also an important relaxation channel for 8BTA~.
However, the main fragmentation channel is the cleavage of the C-Br bond
and the formation of Br~ as well as its anionic counterpart with a lower
intensity. The abstraction of the bromine and the formation of the adenyl
radical was assumed to act as a precursor for a subsequent SSB [9].

Consequently, in the present work 8B*A modified oligonucleotides have
been placed on DNA origami nanostructures together with their native ana-
logues and irradiated in ultra high vacuum (UHV) conditions with LEEs to
examine the influence of the bromination on the formation of SSBs. The
results are presented in the manuscript 2 (M2) [18]. The SSB yield was
determined as a function of the energy of the incident electrons ranging
from 0.5 eV to 9 eV showing a maximum at around 7 eV for the modified
and unmodified sequence. Based on this data the enhancement factor of
the 8B'A modified strands was determined revealing an increased damage
over the whole energy spectrum by a factor of 1.9 + 0.6. However, as the
damage induced by electrons with an energy below 2 eV was comparably
low, the cleavage of the C-Br bond might not be solely responsible for the
enhancement. Moreover, 88" A might serve as an antenna that captures the
electrons, which subsequently can induce a variety of DEA reactions in the
DNA causing a SSB. Additionally, DEA measurements of 88*A in the gas
phase at higher electron energies (> 5) eV reveal a rich fragmentation of the
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molecule including multiple bond cleavage rupturing the ring structure.

The previous experiments were performed under UHV condition, how-
ever the DEA towards DNA is influenced by an aqueous environment [19].
In manuscript 3 (M3) [20] the interaction of the NBs analogues thymine
(T), uracil (U) and 5B'U with AuNPs has been examined. AuNPs emit
electrons due to thermionic emission when they are illuminated with intense
nanosecond (ns) laser pulses [21]. Furthermore, the high temperatures in
close proximity to the AuNPs surface also may decompose the NBs under
these conditions. The fragmentation of the NBs was observed with UV-Vis
spectroscopy and surface enhanced Raman scattering (SERS) in order to
identify single fragments. For U and T a decomposition of the ring was ob-
served forming CN and NCO by multiple bond cleavages, whereas for °B'U
a rupture of the C-Br bond was observed leaving the uracil residue intact.

In a further study published in manuscript 4 (M4) [22] the decomposition
of all four NBs and their brominated analogues on pulsed laser illuminated
AuNPs was investigated under conditions where thermal effects are pre-
dominating. The kinetics of the photo induced dissociation was carefully
determined and a great influence of the adsorption of the molecules on the
AuNP surface was pointed out. The experimental data was compared with
theoretical calculations based on the Langmuir adsorption assumptions.

Finally, in manuscript 5 (M5) [23] the electron transfer from plasmon-
ically excited noble metal nanoparticles to 8P*A was studied with SERS.
A rapid transformation form ®P'A to A was observed by changes in the
wavenumber of the ring breathing mode. The reaction was induced by a
continuous wave laser at low energies in a typical SERS setup. The reaction
was described by fractal like kinetics revealing a dependence of the reaction
rate on the wavelength of the incident light as well as on the material of
the nanoparticles. On silver nanoparticles (AgNPs) the processes are signif-
icantly faster than on gold probably due to the stronger plasmonic enhance-
ment. However, at comparably low photons energies (1,6 eV) the reaction
rates do not correlate with the plasmonic properties of the nanoparticles
indicating a resonant electron transfer into the lowest unoccupied molecular
orbital (LUMO) of the adsorbed ®B'A. The dissociative electron transfer
takes place in dried samples as well as in aqueous environment and the
timescales of the reaction were comparable to typical accumulation times in
SERS measurements. Hence, such reactions have to be taken into account in
the interpretation of SERS spectra of electrophilic molecules. Beyond that,
a dissociative electron transfer from AuNPs towards molecules incorporated
in the DNA of cancer cells might find potential applications in PTT.
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Theory

2.1 DNA

DNA consists of two complementary polynucleotide chains. Each nucleotide
is composed of one out of four NBs (shown in figure a)) connected to
a desoxyribose moiety with an attached phosphate group [24]. In order to
form the doublestrand, the four canonical NBs adenine (A), cytosine (C),
guanine (G) and T are interlinked with each other by the Watson-Crick
base pairing, where the two complementary base pairs A-T and G-C are
connected via hydrogen bonds[25] as shown in figure b).

Due to the stacking interaction between neighboring base pairs the DNA-
structure is stabilized [26] (see figure c)). The resulting double strand
forms a double helix shown in figure d) with a diameter of 2 nm and a
distance between the base pairs along the helical axis of 0.34 nm [27]. The
strong UV absorption of DNA at 260 nm arises from the m — m*-transition
of the NBs [28] as shown in figure e). The excited m — " state relaxes
to a "dark” n — 7* state that subsequently depopulates within 1 - 2 ps [29].
Due to the base stacking the decay of the excited state of single stranded
DNA (ssDNA) is 1 - 2 orders of magnitude slower [2§]. The relaxation ends
in the electronic ground state, whereas deleterious reactions are prevented
by the highly efficient non-radiative pathways [28§].

Long chains of DNA form 23 pairs of chromosomes that contain the genetic
code [30] of a human and are found in every cell, where they are stored in
the nucleus. The DNA determines the cell growth, its lifetime and how often
it divides. A DNA sequence of a certain length is called a gene and contains
the information required to produce a protein [24]. In a two step process the
information of a gene is transferred to a protein. At first the DNA-sequence
is transcribed via messenger ribonucleic acid (mRNA) and subsequently the
information of the mRNA is translated inside the cytoplasm with the help
of a ribosome to a sequence of amino acids. A sequence of three nucleotides
is translated to one amino acid using transfer RNA [24]. If the nucleobases
in a DNA strand are chemically modified for example by methylation [31]
or by formation of 8-hydroxyguanosine due to reactions with radical oxygen
species [32], cancer can occur. There are several modifications of nucle-
obases in certain sequences like the DNA mismatch repair gene known to be
relevant in the pathogenesis of cancer [33]. Especially the G rich telomeric
sequence that is responsible for the aging of cells plays an important role in
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Figure 2.1: a) Chemical structure of the four canonical NBs A (red), C
(green), G (yellow) and T (blue). d) Watson-Crick base pairing of A-T and
G-C connected by hydrogen bonds. c¢) Base stack of G and T. d) Scheme of
a DNA double strand. e) Normalized UV-Vis spectra of DNA nucleobases
recorded with a Nanodrop 2000 from Fisher Scientific.

carcinogenic cells and serves therefore on the other hand as a target for can-
cer therapy [34, [35]. There are various therapeutic agents applied in cancer
therapy aiming at the DNA in order to kill the carcinogenic tissue [36]. In
the framework of this thesis the focus is on modified nucleobases that are
incorporated into the doublestrand and sensitize the DNA towards ionizing
radiation [6].

2.1.1 DNA damage induced by low energy electrons

The DNA can be directly harmed by ionizing radiation. However, around
two third of the DNA radiation damage is caused by secondary species
generated through the hydrolysis of water molecules in the cells [37]. A
particle or photon with high energy ionizes a water molecule and generates
a free electron and a HoO™T cation that subsequently further decays (see
equation ) Together with an additional water molecule the cation forms
a H3OT ion and an OHe radical (see equation (2.2))). In the past decades
OH e radical was made responsible for almost all secondary DNA damage
[4]. LEEs are the most abundant intermediates in DNA damage as around
40 000 secondary electrons are generated along the track of a 1 MeV photon
[38]. The highest yield is found for electrons with energy between 9 - 10 eV
[39]. The secondary electrons were assumed to be relatively harmless to the
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DNA as water molecules form a stabilizing complex around the electrons

[40] (see equation ({2.3))).

hV+H20—>H20++67 (2.1)
HQO+ + HQO — H30+ +OHe (2.2)
€ = €y (2.3)

The energy of these hydrated electrons lies below the energy of the
LUMO of the DNA and therefore an electron transfer is unlikely [41]. Nev-
ertheless, on a subpicosecond lifetime (107'3s) the electrons are in a pre-
hydrated state and can be transfered to the DNA and subsequently cause
molecular bond breaks via DEA [5]. DEA will be described in detail in the
subsequent subsection. Beside DEA, there are versatile interactions between
LEEs and biomolecules like ionization [42] and electronic excitation [43] lead-
ing to severe DNA damage. DNA damage generally comprises SSBs, DSBs,
damages of a NB or sugar moiety, clustered damage, interstrand crosslinks
and intrastrand crosslinks [36]. In order to study the interaction between
LEEs and DNA, several experiments with electron irradiated plasmid DNA
with a subsequent agarose gel electrophoresis analysis were performed, re-
vealing certain DNA damage as a function of the incident electron energy
under UHV conditions [44]. All experiments exhibit a resonant dependence
of SSBs and DSBs induced by LEEs [45], nevertheless the energies of the
resonances differ in the experiments performed by L. Sanche et al. [46],
S.V.K. Kumar et al. [47] and T.M. Orlando et al. [48] that all used dif-
ferent plasmids. The incorporation of the chemotherapeutic agent cisplatin
exhibit a radiosensitizing effect when the DNA is irradiated with electrons
between 2 eV and 20 eV, which means that the LEE induced DNA damage
is increased when the agent is bound to the DNA [49]. However, a pre-
cise positioning of modifications in the plasmid DNA is not possible and
the influence of the DNA sequence on the strand break cross sections re-
mains unknown. Using high-performance liquid chromatography (HPLC)
short oligonucleotide trimers with a well defined sequence [50] irradiated
with electrons were investigated. Beside SSBs also damage like base losses
and base modifications were revealed [51) [52]. Although even the effect of
incorporated halogenated nucleotides can be studied [53] [54], the scope of
this technique is limited to short trimeric oligonucleotides. This disadvan-
tage can be tackled using so called DNA origami structures that allow the
determination of DNA SSBs in well defined oligonucleotides [55] [56].

DNA origami structures are self-assembled nanostructures, which were
invented by P.W.K. Rothemund in 2006 [57] and serve as a molecular peg-
board that allows the precise positioning of analyte molecules or further
nanostructures and macromolecules. The binding of streptavidin (SAv) to
biotin (Bt) modified staple strands on the DNA origami can be monitored
by atomic force microscopy (AFM) [58, 59] and allows the observation of
chemical reactions on the template [60]. In figure the principle of the
SSB detection is sketched. Briefly, DNA origami structures wearing two
target sequences equipped with a Bt group at the end are located at the
side or center position of the template. Irradiation with LEEs causes SSBs
leading to a loss of the Bt containing fragment. A subsequent binding of
SAv is only possible at the intact target strands and visualized by AFM for
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Figure 2.2: Principle of DNA SSB detection by DNA origami templates,
where after the irradiation with LEEs the intact biotinilated target strands
are marked with SAv (figure adapted from M2).

further analysis. In this manner the absolute SSB cross sections of specific
sequences can be determined. At 18 eV electron energy, a strong dependence
of the SSB cross section on the DNA sequence was found with a strong
sensitivity of A rich sequences [I3], whose impact was underestimated so far
[12]. Furthermore, potentially radiosensitizing molecules like *27U and [13]
2-fluoradenine 2" A [61] inside the target sequence significantly enhance the
SSB yield. The cross sections for the molecule-electron interactions, which
reflect the DNA damage (electronic exitation, ionization, DEA), depend on
the electron energies. For subionization electrons DEA is the most relevant
process as even DNA strand breaks (SBs) can be induced by prehydrated
electrons, which attach to the DNA in an ultrafast transfer process [62].
Thereby electrons with an energy down to a few hundred meV are captured
by the 7* orbitals of the NBs, which serve as "antenna”. This is followed
by an electron transfer to the sugar phosphate backbone by orbital overlap
and finally cleavage of the sugar-phosphate o bond [I1], (5], 63]. The electron
induced reactions in DNA are very sensitive to the surrounding medium [19],
as NB anions, which tend to fragment in the gas phase, get stabilized in an
aqueous environment [64] [65]. Experimental studies of LEE induced damage
to DNA in solution are quite limited due to the short free path length of
electrons in water. Therefore free electrons with an energy in the keV regime
are required [66] or the experiments are limited to a few hydration layers
[67]. Hence, new electron sources in an aqueous environment are desirable
providing electrons with an energy of only a few eV.

2.1.2 Dissociative Electron attachment

For LEEs with an energy below 20 eV DEA is an important DNA damaging
pathway [68]. An incoming electron can be captured by a molecule and form
a typically unstable anion with a short lifetime, a so called transient negative
ion (TNI) [69]. Thereby the electron is trapped for a certain time in an
unoccupied molecular orbital (MO). In this process the molecule is excited
via a Frank-Cordon-transition into an excited state as shown in figure a),
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whereas the energy difference in this transition is called vertical attachment
energy (VAE) [70].

a b
EA sBrp SBrp¥- EA
Bre+ A
BT- + A-. _ RhA(+1)  ae?
A DE V.= 25.1:2 e i
0 EA > _ >
C-Br Distance Electron-Molecule Distance

Figure 2.3: a) Schematic energy diagram of a neutral 83" A molecule with
a o* shape resonances. b) Effective interaction potential of an electron
approaching a molecule showing the formation of a centrifugal barrier for
[ > 0. Figures are adapted from source [§].

Furthermore, the Frank Condon transition from the ground state of the
anion to the unoccupied MO of the neutral parent is denoted as vertical
detachment energy (VDE) and the difference between the ground state of
the neutral MO and the ground state of the TNI is called electron affin-
ity (EA) [70]. In this picture the Born-Oppenheimer approximation is as-
sumed, where the position of the cores remain unchanged during electronic
processes. When an electron approaches a molecule, it experiences the long
range attractive charge induced dipole potential V, [§]. On the contrary
at short distances the repulsive centrifugal potential V; emerging from the
electrons angular momentum is dominating as shown in figure b). If
[ > 0, the effective potential Vir; = Vi, + V; forms a potential barrier that
can trap the electron for certain time [§]. The effective potential is given by:

R?1-(1+1)  ae?

T 3T (2.4)

Vers =

where « is the polarizability of the molecule, r is the distance between
the electron and the molecule, e is the charge and 1 the angular momentum
of an electron [70]. As the electron occupies a previously empty o* MO, the
electron configuration of the molecule remains unchanged. Such resonances
are called shape resonances and generally occur at energies below 4 eV with
a lifetime from 107 s to 10719 s [§]. If the electron energy is high enough
to excite the neutral molecule, the resonances are referred to as core excited
resonances. It is differentiated between core excited shape resonances and
core excited Feshbach resonances, depending on whether the energy of the
excited state of the anion is higher or lower than the neutral excited state.
In the latter case the lifetime of the resonance is increased, as a relaxation
into the lower lying neutral state by autodetachment of an electron is in-
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hibited. Alternatively, vibrationally excited Feshbach resonances with an
energy typically close to 0 eV are formed if the vibrational levels of the TINI
are lower than the neutral ones. Molecular resonances mainly decay via au-
todetachment of the electron but likewise a relaxation via DEA is possible.
In this case the TNI stabilizes by dissociating into an anionic and one or
more neutral fragments:

AB+e” - AB*~ - A"+ B (2.5)

# denotes a metastable state. DEA is a selective process, where the
cleavage of a certain bond depends in a resonant way on the energy of the
incident electrons [71].

DEA to DNA components

Due to its relevance in the secondary damage of DNA, the DEA to DNA
subunits was already studied in detail [37]. Crossed electron-molecular beam
experiments of the five nitrogenous bases A [72], T [73], C [74], U [75] and
G [76] reveal that at low electron energies the most abundant fragmenta-
tion channel is the decay into a neutral hydrogen atom and a closed shell
(NB — H)™ anion:

NB+e — NB*~ - (NB—-H) +H (2.6)

The hydrogen loss is caused by a vibrationally excited Feshbach reso-
nance coupled to the temporary anion state formed by occupation of the *
MO that is located around 1 eV [77]. At higher electron energies starting at
6 eV, beside the exocyclic bond clevages, also multiple bond cleavages oc-
cur that rupture the ring structure. For the pyrimidine molecules the most
common anion is NCO™, whereas for the purines CN™ is strongly generated
[37]. In the sugar phosphate backbone a strand break is represented by the
cleavage of the P-O or the C-O bond, respectively. Such bond breaks occur
due to the attachment of electrons with an energy around 8 eV in RNA [78]
and DNA backbones [79]. Furthermore potential radiosensitizing molecules
like 5-halouracils show a high reactivity to LEEs, as the C-halogen bond is
already cleaved by electrons with an energy down to 0 eV [80, B1]. The in-
terplay of the o*, 7* and dipole bound state is made responsible for the low
lying resonances in 57U and 5-iodouracil [82]. Comparable observations
were made for halogenated A analogues like 2-chloroadenine [83]. The at-
tachment of a single LEE with a kinetic energy of 0 eV to the radiosensitizer
cisplatin even causes the simultaneous loss of both chloride atoms [84].

2.1.3 Radiosensitization

In cancer treatment radiation- and chemotherapy is often combined due
to a superadditive effect called radiosensitization [6]. There are different
explanations for the radiosensitizing action depending on the agent, since
some of them inhibit DNA repair process and others increase the radiation
damage. The focus of this work lies on the physicochemical background of
the latter one. Generally, radiosensitizers do not require a cytotoxic activity
as in the case of the non-toxic °P"U. However, toxic chemotherapeutic
agents are typically applied as radiosensitizers in clinical practice [85]. Two
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important groups of radiosensitizers are platinum containing compounds like
cisplatin and carboplatin and halogenated nucleobases like gemcitabime [86],
5-fluoruracil and fludarabine, which are incorporated in the DNA double
helix [6]. The radiosensitizing action of electrophilic nucleosides is assumed
to originate at least partly from their interaction with LEEs, as they make
the DNA sensitive towards solvated electrons and consequently enhance the
secondary damage [7]. Studies by Q. B. Lu et al. reveal an ultrafast electron
transfer of prehydrated electrons to °B"U that induces the cleavage of the
C-Br bond generating a uracil radical, which serves as a precursor for severe
DNA damage [87]. For potential radiosensitizing NB analogues it is required
that they are good electron acceptors and likewise the substitute is bound
relatively weakly to the NB residue to act as a predetermined breaking point
[88]. Also cisplatin exhibits a high reactivity with hydrated electrons [89],
whereby a double strand break in cisplatin containing DNA can be triggered
by a single subexcitation electron [90].

In a different approach AulNPs are suggested as potential radiosensitizer
due to their high photon absorption cross section and the resulting emission
of reactive secondary species like LEEs and photons [91]. Biological tissue
mainly interacts with high energy photons via the Compton effect, where a
photon is scattered at an outer shell electron and partly transfers its energy.
On the contrary, for AuNPs the photoelectric effect, which is scaling with
the fourth power on the atomic number Z*, strongly contributes to the pho-
toabsorption [92]. In the photoelectric effect mainly inner shell electrons are
ejected, as the effect is resonant if the photon energy is close to the binding
energy of the electrons [92]. Beside the ejected core shell electrons further
fluorescence photons and auger electrons are emitted at the recombination
of the electronic structure. Nevertheless, the dose deposition is limited to
the close vicinity of the AuNPs on a sub cellular level [93].

It might be beneficial to combine the two presented approaches and use
AuNPs as a nanoscale source of LEEs together with electrophilic molecules
incorporated in the DNA strand to enhance the DNA damage at a cer-
tain dose. Beyond that, the high photoabsorption cross section of AulNPs
is also exploited in the cancer PTT, where the AuNPs serve first of all as
a source of heat [15]. However, laser illuminated AuNPs further release
LEEs due to thermionic emission or transfer plasmonically generated elec-
trons to molecules in their surrounding. Hence, it might be promising to
apply electrophilic nucleobase analogues in PTT to increase the effect of the
hyperthermia by additionally triggering precise DNA damage [94].

2.1.4 8-Bromoadenine

In the manuscripts M1, M2, M4 and M5 the interaction of 8#*A with LEEs
and and AuNPs was studied to examine the potential of 8B'A as a potential
radiosensitizer in PTT and radiation therapy. 3P*A is an adenine analogue
containing a bromine atom at C8 (see Fig. 2.4 a)) that is supposed to
act as a predetermined breaking point. Density functional theory (DFT)
calculations of L. Chomicz et al. reveal that due to the substitution of the
bromine group ®BTA is a better electron acceptor than unmodified A [95].
Furthermore, the attachment of an additional electron leads to the cleavage
of the C-Br bond and the formation of a bromine ion and an adenyl radical.

11



CHAPTER 2. THEORY

The intermediate state in the dissociative decay is not stable, as the C-Br
bond elongates to 2.56 A.

e~ +8Br A _>8B1“ A#* — Br~ + Ae (27)

Also when an aqueous medium is taken into account 8P*A decomposes via a
barrierless decay, since the main fraction of the anions spin density is located
at the C8 atom and the Br atom occupying the o* orbital [96].

In terms of cancer therapy one of the relevant questions is if the cleavage
of the C-Br bond enhances the probability for a DNA strand break or other
severe DNA damage resulting in cell death. L. Chomicz et al. reveal two
degradation pathways (see Fig. 2.4 b)) following the attachment of an addi-
tional electron to 8-bromo-2’-deoxyadenosine 3’5’-diphsophate (SB"dADP),
which mimic ®B"A connected to the DNA-backbone [97]. In a first step the
8BrdADP anion decays via abstraction of the bromine atom. Subsequently
the molecule either stabilizes via the formation of 5’,8-cycloadenosine or
transfers a hydrogen atom from the C3’ or C5’ sites of the deoxyribose moi-
ety to the C8 of the adenine. This leads to the cleavage of the P-O bond at
the 3’ site or the 5’ site what is equivalent with a DNA SSB.
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Figure 2.4: a)Structure of the 88" A molecule. b) Suggested pathways for
the electron induced decomposition of 83”dADP leading on the one hand to
a DNA SSB and on the other hand to the formation of 5’,8-cycloadenosine.
(Figure adapted from source [97])

Experimental studies with 8BTA containing oligonucleotide trimers in
solution reveal an enhanced damage of the 8B*A containing sequence com-
pared to its native analogue that was relatively unaffected by hydrated elec-
trons generated during the irradiation with high energy photons from a ®°Co
source [98]. Furthermore, T®BTAT oligonucleotide trimers showed the high-
est SSB rate compared to trimers that carry a different brominated or native
nucleotide in its center position under irradiation with 10 eV electrons under
UHYV conditions [53] and are highly reactive towards organic radicals [99].
However, beside the SSBs that are triggered by the cleavage of the C-Br
bond further mechanisms have to be taken into account to understand the
interaction between 8B'A and LEEs. The capture of an hydrated electron
leads to the formation of 5°,8-cycloadenosine [100, T01], [102] and moreover
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8Br A acts as a strong electron acceptor that significantly influences the elec-
tron transport through the DNA [I0].

2.2 Noble metal nanoparticles

Noble metal nanoparticles are particles consisting of Ag, Au or Cu with a
size ranging from 1 nm to 100 nm that exhibit properties which differ from
those found in the bulk samples [103]. Especially the interaction of light
with the free electron gas of the nanoparticles is the foundation of versatile
applications ranging from sensing to catalysis [104].

AuNPs in cancer therapy

As gold is chemically more inert than silver it is generally favored in medical
applications due to its higher biocompatibility [92]. The outstanding optical
and thermal properties of AuNPs, especially their high photon absorption
cross section, allow versatile potential applications in cancer therapy [14]
105]. The utilization of AuNPs as radiosensitizer and contrast agents are
generally based on their high absorptivity of x-ray photons that is attributed
to their high atomic number [106]. Furthermore, AuNP are stabilized by
capping agents in order to prevent aggregation by electrostatic repulsion
or steric hindrance [I07]. By choosing the right capping agents, AuNPs
can target certain carcinogenic cells and therefore they are utilized in the
cancer-diagnosis and drug delivery [10§]. Beyond that tailored noble metal
nanoparticles absorb light efficiently in the visible and NIR spectrum and
convert its energy to heat. In PTT laser illuminated AuNPs elevate the
temperature in cancer cells and cause the cells death via hypothermia [109].
In order to pass the biological spectral window gold nanorods [110] and gold
nanoshells [111] are used, as they exhibit an absorption maximum in the
NIR regime. The irradiation with intense laser pulses increases the damage
in the nucleus, where the DNA is located, in contrast to continuous wave
lasers [I12]. Furthermore, the strong enhancement of electrical fields in the
close proximity of AuNPs mediated by SPs is exploited in surface enhanced
Raman scattering (SERS) that allows the in vivo detection of cancer cells
[113].

2.2.1 Surface Plasmons

SPs are light waves coupled to the electron plasma at a metal/dielectric
interface that allow the confinement of light to very small dimensions below
its own wavelength [114]. Due to the electrical field of the incoming light
the conduction band electrons of the nanoparticles are accelerated along the
direction of the electrical field and accumulate at the particles surface where
an electrical dipole is formed as shown in figure [2.5

The direction of the induced electrical field opposes the generating field
of the light forcing the electrons to return to their equilibrium position. If
the external electrical field is removed, the restoring force leads to an os-
cillation of the electron gas with their resonance frequency, which is called
plasmon frequency and can be described with a damped harmonic oscillator
[115]. These collective oscillation of the electron gas induced by the action
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Electrical field

Electron cloud

Figure 2.5: Schematic of a surface plasmon resonance of a AulNP excited
by the oscillating electrical field of incident light.

of an electromagnetic (em)-field can lead to the reemission of a photon in
a scattering process [116]. Alternatively, the surface plasmon can relax in
a non-radiative way and transform the energy of the incoming photon into
thermal energy [117]. The quantity that is accessible in a typical experi-
mental setup is called extinction and is given by the sum of the absorption
and the scattering events.

Oext = Ogbs T Osca (28)

The cross section of the AuNPs extinction exceeds the extinction of
typical organic dyes by 4-5 orders of magnitude [I18]. The extinction cross
section can be up to ten times larger than the particle size as the NPs
also adsorbs and scatter photons away from its physical position due to its
extended electrical field [115]. In general the particles are smaller than the
wavelength of the light but large enough that classical theory can be applied
and quantum effects can be neglected. In 1908 G. Mie calculated for the
first time the extinction of a noble metal nanoparticle by solving Maxwell’s
equation for the interaction of light with a small metallic sphere having the
same dielectric properties like the bulk metal [I19]. These calculations were
leading to a series of multipole oscillations:

Oext =

|;2c7;| i@L +1) - Relag, + by] (2.9)
L=1

where K is the wave vector, z = |K|-R, R is the radius of the nanoparticle
m = n/ny, is the ratio between the complex refractive index of the metal n
and the surrounding medium n,,. L is the summation index of the partial

wave [120].

mUr(mx) - V) (z) — U} (mx) - V()

() -1, (z) — U (ma) - 11 () (2.10)

ar =

and
,, _ Wame) Wy (a) = ¥ na) - Wi ()
Wy, (mz) - np(x) — m¥ (mx) - np(z

(2.11)
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where np(z) and ¢ (x) are the cylindrical Bessel-Riccati functions. If
the dimensions of the particle are small compared to the wavelength of the
light (2R < A), only the dipole term with L=1 contributes significantly to
the extinction cross-section and equation reduces to [121]:

24m2 R33/? €9
0’ =
ext A (61 4 2em)2% + &3

(2.12)

where A is the wavelength of the incoming light, ¢,,, is the real dielectric
function of the surrounding medium and €1 and €3 are the real and imaginary
part of the complex dielectric function ep of the metal.

Ep = €1 + 1&g (2.13)

Thus, the extinction cross section is proportional to the volume of the
particle and depends on the dielectric function of the metal and the sur-
rounding medium. The cross section maximizes whenever the imaginary
part €2 gets small and the real part equals —2¢,,. This is the case for
a free electron metal at long wavelength, as the real part of its dielectric
function is negative and large [122]. The real part defines the wavelength
position of the SP resonance (SPR), whereas the imaginary part is only
weakly dependent on the wavelength and determines the bandwidth [123].
Experimentally determined dielectric functions e, generally show two con-
tributions: the Drude term p and the interband term e;p, as beside the
intraband transition of the SP also electronic excitations between separated
bands are possible.

€exp = €IB T €D (214)

Even though in a metal valence and conduction band typically form
a continuous spectrum of available states, some inner levels due not split
enough to overlap with these bands and allow electronic excitations [115]
that are usually located in the UV region [116]. Figure shows the ab-
sorption spectra of AgNPs and AulNPs revealing that the interband and in-
traband contributions are well seperated for AgNPs while they significantly
overlap for AuNPs.
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Figure 2.6: Absorption spectra of 40 nm AgNPs (a) and AuNPs (b) show-
ing the contribution of the interband transitions and the SP band.
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CHAPTER 2. THEORY

Intraband transitions occur close to the Fermi energy in a partly filled
or overlapping band and can be described with the classical Drude model of
a free electron gas [116]:

2
Wp

ep(w) =1 (2.15)

W2t iw
where 7 is the damping constant and wp is the plasma frequency of the
electrons:

N2
wp = 4| € (2.16)
me

wp depends on the free electron density N and the effective mass m.. The
phenomenological damping constant v equals the plasmon absorption band-
width I' in the limit v <« w. 7 is related to the collision time 7 of all elec-
tron scattering events in the bulk metal that are basically electron-electron,
electron-phonon and phonon-phonon scattering [120]:

f}/O:ZT_l:Tg_le+T;_lph+T];hl_ph (217)
i

where ~g is the size independent damping term for the scattering of
conduction electrons at the ionic cores of the gold lattice that only depends
on the mean free path of the electrons in the metal [, and the speed of
the electrons at the Fermi energy, the so called Fermi velocity 79 = loovr.
As the mean free path of an electron is longer than the particle diameter,
also surface scattering has to be taken into account by addition of a size
dependent term.

VR
R

where B is a parameter that depends on details of the scattering process.
Equation shows an anti-proportional dependence of the size depended
damping term on the particle radius. Hence, the plasmon absorption band-
width broadens with decreasing particle size.

Y=7%+B"- (2.18)

Even though Mie theory describes the plasmonic properties of single
nanoparticle very well, it is only valid for a dilute nanoparticle solution,
where the electrical field of a nanoparticle is not felt by the neighboring par-
ticles. If the nanoparticles form aggregates or the interparticle distance gets
so small that the SPs of neighboring particles interact with each other, the
SPR is red shifted, broadened and secondary maxima might occur [124] [125].
Such systems can be calculated using the Maxwell-Garnett effective medium
theory, where the heterogeneous medium of nanoparticles in the dielectric is
replaced by an homogeneous medium with the same dielectric polarization
under illumination with light [I15]. Therefore a statistical average over a
large number of clusters and the averaged volume fraction f is considered
to describe the topology of the sample [12I]. Hence, the effective complex
dielectric function €.y is given by:

Eeff — Em £E—€m
- f. - m 2.19
Eeff + 2em ! €—2em ( )
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2.2. NOBLE METAL NANOPARTICLES

where the filling factor f is given by the ratio of the volume of the
particles to the volume of the sample. Interacting nanoparticle systems like
aggregates strongly enhance the plasmonic response of a system.

2.2.2 Nanoparticle heating

For small AuNPs with a size under 40 nm the scattering processes are not
contributing significantly to the extinction cross section [126]. Therefore the
SPR mainly decays non-radiatively via electron-hole pair formation whereby
its energy is transferred to a conduction band electron [16]. These non
equilibrium electrons are called "hot electron” and dissipate their energy
via electron-electron scattering until the electron distribution is described
by Fermi-Dirac statistics. The thermalization of an electron takes around
500 fs, as several electron-electron scattering events with a typical interaction
time of 10 fs are required [I120]. Electron-phonon collisions transfer the heat
of the hot electron gas to the lattice of the AuNP within approximately 3.4
ps [120]. Subsequently the energy is dissipated to the surrounding medium
via phonon-phonon scattering thereby cooling the particle down in 100 ps
[120]. Due to the short time scales compared to the laser illumination time
a one temperature model is used to describe the heating of the AuNP and
its vicinity assuming a homogeneous temperature of the AuNP [127]. In
general the heat generation depends in a complex way on the morphology
of the particle [128]. For a spherical AuNP the following heat diffusion
equations can be applied [127]:

V- [k(r)VT(r)] =q(r), r<R (2.20)

V- [k(r)VT(r)] =0, r>R (2.21)

where k() is the thermal conductivity, 7 (r) is the steady state temper-
ature distribution and ¢(r) is heat power density. According to G. Baffou
et al. the temperature increase §7 inside and outside a spherical AulNP is
given by[129]:

0T (r) = (577\[13%, r>R (2.22)
6T (r)=dTnp, T <R (2.23)

with
e (2.24)

where ks is the heat capacity of the surrounding medium and Q is the
absorbed heat that is determined by the absorption cross section o4 and
the laser intensity I:

Q = Oabs] (225)

The linear dependency of the temperature increase on the laser inten-
sity is only valid for single particles, as for high concentrations of AuNPs
collective photoheating needs to be taken into account [130].
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Regarding to theoretical studies performed by A. O. Govorov et al.,
which are presented in reference [131], [132] in detail, the maximum increase
of the temperature occurring at the AuNP surface is given by :

_ R2i 3em 2.e 8wl
3k 8T 2€m + € 2 €Em

5Tmaz(10) (226)

The temperature increase scales quadratically with the radius of the par-
ticle, since the absorbed heat depends on the AuNP volume. The statements
in this chapter are also valid for the illumination with ns laser pulses due
to the nearly uniform temperature distribution of the nanoparticle during
the duration of a pulse, as the typical lattice heating time is much smaller
than the pulse duration time. Hence a homogeneous heating of the particle
and a quasi steady state heat exchange with the surrounding medium can
be assumed [133].

2.3 Pulsed irradiation of AuNP

Irradiation of AuNPs with an intense laser pulse with a pulse width of
a few nanoseconds generally leads to reshaping and fragmentation of the
AuNP [I34]. The relevant processes that occur under pulsed irradiation are
sketched in figure During the pulse the AuNPs are exposed to high
power densities of around 10 to 1014%, so the temperature of the AuNPs
rises up to several thousand K [135,[136]. A temperature increase above 1337
K leads to a melting of the AuNP and to an evaporation of the top layers of
the surface resulting in a bimodal size distribution of the AuNPs [137]. Even
at temperatures of around 673K, well below the melting temperature of the
bulk gold, surface melting occurs and causes a reshaping of the AuNPs [13§].
In order to induce a change in the morphology and decompose the AulNPs
a single laser pulse is sufficient [I39]. The cooling down of the AuNPs to
room temperature proceeds orders of magnitude faster than the delay time
between two pulses, so an accumulation of heat can be neglected [139].
The produced AuNP fragments rapidly coagulate [I40] and form snake-
like structures depending on the properties of the laser pulse [I41]. Further-
more, the heat transfer to the surrounding medium leads to an explosive
evaporation of the solute in close proximity to the surface. Nanoscale vapor
bubbles with an expansion of a few hundred nanometers and a lifetime of
approximately 10 ns are formed [142]. The threshold for the bubble forma-
tion is around 1010% for 40 nm AuNPs illuminated with ns laser pulses
and drastically increases for smaller particles [I43]. Beside the photother-
mal effects based on the gold lattice temperature also the high temperature
of the electron gas has to be taken into account. The energy of a small
fraction of the Fermi-Dirac distributed electrons exceeds the work function
of the metal and thus electron emission from the AuNPs is caused. This
thermionic emission generates highly charged AuNPs that undergo sponta-
neous fission in a so called coulomb explosion due to the repulsion of the
positive charges that remain in the particle [I44]. In solution, solvated elec-
trons can be detected at high laser fluences [21], whereas at intensities below
10'21 it is assumed that the photothermal effects are dominating [145]. In
the high temperature and pressure region in the vicinity of a laser illumi-
nated AuNP DNA molecules are severely damaged. If the DNA is adsorbed

18



2.4. PLASMONIC CATALYSIS

ns laser pulse Heating oftheAuNP.

Surface evaporation ~ Coagulation of AuNPs

Figure 2.7: Steps of the thermal decomposition of a laser illuminated
AuNPs. Figure adapted from source [138].

on the AuNP, the decomposition rate is highly increased [I46]. Therefore
pulsed laser illumination of AuNPs accumulated in cancer cells might lead
to future applications in cancer therapy [15].

2.4 Plasmonic catalysis

Based on their strong optical response plasmonic nanoparticles act as cata-
lysts in photo reactions [I47]. Generally, in catalysis the rate of a chemical
reaction is increased by lowering the activation barrier [148]. In the frame-
work of this thesis the catalytic properties of noble metal nanoparticles are
of great interest as they describe a method to enhance photo reactions caus-
ing damage to DNA strands. The photocatalytic properties of nanoparticles
originate from the fact that they act as a source of light, heat and electrons
under illumination with light [16]. The decay of SPs provides electrons with
an energy between 1 and 3 eV on a fs timescale before they get thermalized
[149]. In figure it is shown that these "hot electrons” can be transfered
into an unoccupied molecular orbital of an adsorbed molecule and form a
TNI, which subsequently decomposes in a DEA reaction [150].

In this mechanism the required photon energy is significantly lowered
compared to an electronic excitation from the highest occupied MO (HOMO),
since the electron transfer originates from electrons of the nanoparticle
around the Fermi level. Therefore bond selective reactions can be trig-
gered that cannot be activated with conventional thermal or photocatalytic
processes [151]. It is still under discussion whether the plasmonically gen-
erated electrons firstly dissipate their energy to the conduction electrons
until a Fermi-Dirac distribution is reached and subsequently one of these
electrons tunnels into the unoccupied orbital of the adsorbate [152], or if
resonant electron transfer into the MO occurs [153] as it was predicted by
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Figure 2.8: Scheme of electron transfer from AuNPs to an adsorbed
molecule with the subsequent decay.

B.N.J Persson in 1993 [I54]. Plasmon induced reactions can be sensitively
controlled by tuning the plasmonic properties of the nanoparticles [155] and
the wavelength of the incoming laser light [I17]. In combination with elec-
trophilic molecules like halogenated nucleobases that are incorporated in
a DNA strand AuNP might be used to trigger electron induced reactions
leading to DNA strand breaks or other relevant damage in cancerous tis-
sue. In order to study such processes the focused laser light of a confocal
Raman microscope can be used to induce precisely plasmon mediated reac-
tions on certain micro- or nanostructures and simultaneously monitor them

with SERS [156].

2.5 Surface enhanced Raman Scattering

The enhanced near field that molecules experience in close proximity to a
nanoparticle and the charge transfer from the nanoparticle to an adsorbed
molecule are exploited in SERS [I57, [158]. SERS is an analytical technique
that combines the molecular fingerprint of the Raman scattering and high
sensitivity due to the field enhancement [I59]. Therefore it is a sensitive
method that allows molecular detection down to a single molecule level
[160] 161].

Raman effect

The Raman effect describes inelastic scattering between a photon and a
molecule and is named after Chandrasekhara Venkata Raman, who received
the Nobel price in 1930 for the observation. During the interaction of a
photon with a molecule, the electrical field of incoming light displaces the
electrons inside a molecule relative to its nuclei and thus induces an electric
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dipole moment [162]:

p=a-E (2.27)
where p is the induced dipole moment under action of an electrical field

E and a the polarizability of the molecule. The frequency of the light is 1
and its alternating electrical field is given by:

E(t) = Eycos(2mupt) (2.28)

A molecular bond can be described as a quantum mechanical harmonic
oscillator with a vibrational frequency v,;. Therefore the displacement of
the nuclei from their equilibrium position is given by:

q(t) = qo cos(2mvypt) (2.29)

where qg is the maximal elongation of the bond. For small changes in
the atomic positions the change in the polarizability can be approximated
by a first order Taylor series:

foJe}
dq

where « is the polarizability of the molecule in the equilibrium position.
If the equations (2.28]), (2.29) and (2.30) are inserted in equation and
the equation is rearranged by using a trigonometrical identity the following
expression for the polarization of a molecule is derived:

a=oy+ —dq (2.30)

daqoEy
dq 2

)cos(2m (v — vyip)t) + cos(2m (vo + vuip)t)]

(2.31)

The polarization has contributions of three induced dipole moments with
a vibrational frequency of vy, (v —yip) and (vg+1vyp). Each of these dipoles
emits light with its vibrational frequency. The first term referring to elas-
tic scattering is called Rayleigh scattering, whereas the inelastic scattering
terms are called Stokes- and Anti-Stokes Raman scattering, respectively.
A necessary condition for Raman scattering is that the g—f]‘ term is non-
zero, which means that during a molecular vibration the polarization of the
molecule changes.

In a quantum mechanical picture the photon excites the molecule from its
ground state into a virtual state as shown in ﬁgure [163]. The subsequent
relaxation into the ground state is the Rayleigh scattering and if the decay
ends in a vibrationally excited state, it is denoted as Stokes scattering. In
the case that the excitation is induced from a vibrationally excited state and
ends in the ground state, the process is referred to Anti-Stokes scattering.
However, this effect is not in the scope of this thesis. The cross section for
Raman scattering is very sensitive to the excitation wavelength, as it varies
with the fourth power on the frequency of the incoming light [163]:

= agEq cos(2mpt) + (

o o (vo — vuin)* (2.32)

Typically these cross sections are very low in the range of 1073%cm?/sr
up to 10724em? /sr for dyes when they are excited into a real electronic state
instead of a virtual one [164].
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Figure 2.9: Schematic representation of Rayleigh, Stokes and Anti-Stokes
Raman scattering

Electromagnetic enhancement

The electromagnetic enhancement is an effect that acts independently of
the analyte molecules and only depends on the plasmonic interaction of the
noble metal nanostructures with the probe light and the resulting electrical
fields. Due to the coupling of the polarizability of a molecule with the
polarizability of a nanoparticle the Raman scattering cross section is highly
increased [165]. If the wavelength of the light is small compared to the
dimensions of the nanoparticle, the electrical field outside the particle can
be denoted as [122):

Z 3z
Eou = oz — aFo[— — ~= (22 + 2x + yy)] (2.33)

where x,y,z are the Cartesian coordinates, r is the radial distance and
x,y,z are the Cartesian unit vectors. According to the model of a free
electron gas described in section the polarizability of a spherical noble
metal particle is given by:

€E—¢
a = 4n?egRP—— " 2.34
e €+ 2em, ( )
For simplicity reasons the factor g is defined as g = ;:25;:” . Thus the

Raman intensity at the surface of the particle, which is given by the absolute
square of the outgoing electrical field, can be written with formula (2.33)) as:

E2

out

= Eoull1 = gI* + 3 cos® 0(2Re(g) + |g])] (2.35)

where 6 is the angle between the applied electrical field and the vector
r that is pointing at the particular position of the sphere surface. As the
absolute value of g is large for noble metals the equation ([2.36)) reduces to:

E2 = Egut

out

19]2(1 + 3 cos? 0) (2.36)
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2.5. SURFACE ENHANCED RAMAN SCATTERING

This equation reveals that the largest fields occur for angles 6 equal to
0° or 180°. The ratio of the smallest to largest field enhancement is 4. An
important magnitude to describe the effect of the substrate on the Raman
scattering is the enhancement factor FFspgrg that is defined as the ratio of
the enhanced Raman signal per molecule to the normal Raman signal per
molecule [I66]. Theoretically the enhancement factor for molecules located
on the position with the highest electrical fields is given by the following
formula, where it has to be taken into account that the Stokes scattered
light is emitted at a different wavelength than the incoming light:

2 2
EFspps = Cougon — 16]gPg/? (237)
Ey

The primed symbols refer to the fields evaluated at the scattered fre-
quency. For materials like Ag with a high value for |g| the enhancement
on a single particle can exceed 10°. Furthermore, the enhancement is very
surface sensitive, since the electrical field strength of dipolar radiation scales
with E o< 7~3 and consequently the SERS intensity Isgprs oc r 12 [I59]. Ac-
cording to G.C. Schatz et al. the scattering cross section can be rewritten
as [122]:

128 -7 - R - &2
Osca = 3. \4 |g!2 (238)

showing that the forth power dependence on A~ is still preserved. Due
to the coupling of the molecular and nanoparticle polarization the em-
enhancement depends on the orientation of the molecule to the induced
electrical field of the nanoparticle [I67]. In this section the em-enhancement
is deduced for a single nanoparticle, however like described in section [2.2.7]
the plasmonic response and therefore the enhanced scattering cross section
is generally larger for coupled particles [168] and aggregates [169].

Chemical enhancement

In contrast to the non-selective em-enhancement the chemical enhancement
is an effect that affects only adsorbed molecules on the plasmonic surface
and strongly depends on the molecule and the excitation wavelength [157].
As well as in resonant Raman scattering the molecule is not excited into a
virtual state but into its LUMO. Due to the adsorption on the metal surface
the HOMO and LUMO are broadened and shifted towards the Fermi energy.
Furthermore, new electronic states may arise. Commonly UV light is re-
quired to bridge the HOMO-LUMO gap of the analyte molecules. However,
due to a charge transfer from the Fermi level of the nanoparticle towards
adsorbed molecules or vice versa, the adsorbate can be excited with photons
in the visible or even NIR region of the spectrum [170].

SERS of Nucleobases

The SERS spectrum of a molecule depends strongly on its orientation on the
nanoparticle, as the alignment of the polarization of the molecular vibration
to the electrical field of the nanoparticle is crucial for the em-enhancement.
Therefore the normal Raman spectrum of a powder with an arbitrary orien-
tation of the molecules to the incoming light generally differs significantly in
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the relative intensities of the peaks compared to the SERS spectrum [171].
The orientation of the adsorbed NBs depends on the shape of the surface,
whether it is flat or curved [172]. In figure the adsorption of the four
canonical NBs on AuNPs are shown, demonstrating that the binding is me-
diated by the amino- and keto-groups of the nucleobases [I73], whereas the
binding strength follows the order G > A > C > T > U [174].

(S awa
s J e 2

Adenine Cytosine  Guanine ’1’1‘/ Thymine H

Figure 2.10: Adsorption of A, C, G and T on the surface of AuNPs based
on reference [173]

The SERS spectra of NBs are furthermore influenced by the environ-
mental conditions like solvation, pH value and analyte concentration, since
protonation and deprotonation as well as multiple layer adsorption signif-
icantly influence the orientation of the adsorbed NBs on the surface [I75].
One of the strongest Raman bands in SERS of DNA bases is generally the
ring breathing mode [I76], as it is relatively independent of the orientation
and therefore more molecules are contributing to the signal. Beside the
effect of the orientation, the enhancement of certain vibrational modes is
also determined by the chemical interaction of the substrate with the NB
due to resonant charge transfer processes [I77]. Hence, the optimal SERS
signal of nucleobases can be obtained by matching the em- and chemical res-
onances [I78] so even very low NB concentrations can be detected down to
a single molecule [I79]. Interactions of the NBs with radiosensitizing agents
like cisplatin give rise to changes in the spectral fingerprints revealing the
formation of chemical bonds [180]. Also the Raman spectra of brominated
nucleobases are distinguishable from the native ones by the occurrence of
the C-Br stretching and deformation vibrations as well as in a shift of the
ring breathing mode for 88" A [I81] or the C5=C6 stretching vibration in
SBriy [182]. These makes chemical reactions like the cleavage of the C-Br
bond easily traceable by SERS.
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3.1 Chemicals

All chemicals used in the experiments are listed in table and were used
without further purifications. Unless otherwise stated the chemicals were

diluted in Millipore filtered water.

Materials and methods

Table 3.1: List of chemicals

Purchased from  Purity
40 nm AuNPs BBI solutions ! -
5Bry Sigma Aldrich 2 > 99%
5By Sigma Aldrich 2 > 98%
8Br A Carbosynth 3 > 95%
8B Sigma Aldrich 2 -
A Sigma Aldrich 2 > 99%
AgNOs3 Sigma Aldrich 2 > 99%
C Sigma Aldrich 2 > 99%
Ethanol (EtOH) Sigma Aldrich 2 > 99%
G Sigma Aldrich 2 > 98%
HAuCly Sigma Aldrich 2 > 99.9%
KBr Sigma Aldrich 2 > 99.0%
MgCly hexahydrate Sigma Aldrich 2 > 98%
NaOH (0.1 M in water) Sigma Aldrich 2 -
Sodium citrate Sigma Aldrich 2 > 98%
T Sigma Aldrich 2 > 99%

Tris-acetate EDTA (TAE) buffer 10x
U

Sigma Aldrich 2 -
Sigma Aldrich 2 > 99.0%

1 BBI Solutions, Cardiff, UK

2 Sigma-Aldrich Chemie GmbH, Munich, Germany

3 Carbosynth Ltd, Berkshire, UK

The list of unmodified DNA staple strands used for the synthesis of the
DNA origami are given in source [57] and the modified staple strands are
listed in table All unmodified staple strands were desalted whereas the
modified strands were purified by HPLC.
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Table 3.2: List of DNA strands

Sequence (5’-3) Purchased from
M13mpl8 (scaffold strand) New England Biolabs *
Non modified staple strands (see reference [57]) IDT 2
[Bt]TT[8BrdA]TA)3 TT t-5s8g Sigma Aldrich 3
[Bt]TT([SBrdA]TA)g TT t-5s18g * Sigma Aldrich 3
[Bt] TT ([SBrdA]TA)3 TT t5s28g Sigma Aldrich 3
[Bt] TT (ATA)3 TT tls-4i " Metabion 4

[Bt] TT (ATA)3 TT tls-14i © Metabion *

[Bt] TT (ATA)3 TT t1s-24i ~ Metabion 4

! New England Biolabs GmbH, Frankfurt am Main, Germany

2 Integrated DNA Technologies BVBA, Leuven, Belgium

3 Sigma-Aldrich Chemie GmbH, Munich, Germany

4 Metabion international AG, Planegg/Steinkirchen, Germany

* The nomenclature of the staple strands is adopted from reference [57]

3.2 Nanoparticle synthesis

Citrate reduced AgNPs were synthesized by the well-known method from
Lee and Meisel [I83]. Briefly, 250 ml of 1 mM AgNOg solution were heated
up to a rolling boil and 10 ml 1% sodium citrate was added dropwise under
rigorous stirring. Thereby the color of the solution turns to yellow and
subsequently to grey. For an additional hour the solution was kept boiling
and afterwards cooled down slowly to room temperature. The AgNP were
stable for several weeks under storage at 4°C.

AuNPs were produced by reduction of HAuCly with sodium citrate. For
this 20 ml of 1 mM HAuCly solution was heated under rigorous stirring to
a rolling boil and 2 ml 1% sodium citrate solution were added leading to a
color change from pale yellow to deep red. After 15 min of further boiling
the solution was cooled down and stored at 4°C.

3.3 Raman spectroscopy

Raman spectra were recorded using two different confocal Raman micro-
scopes: a Witec alpha 300 with laser wavelengths of 532 nm and 785 nm
and a Horiba Labram with laser wavelength of 633 nm. The spectrometer of
the Witec alpha 300 that is shown in figure a) contains a 600 mm~! and
a 1800 mm~! grating and the Labram a 300 mm~" as well as a 1800 mm™".
As the concentrations of NB samples were relatively low compared to its
Raman cross section, citrate reduced AgNPs are used as a SERS substrate
to enhance the signal. In order to minimize the contribution of the citrate
capping to the Raman signal, the AgNPs were washed three times with Mil-
lipore water to reduce the citrate concentration. Measurements in solution
were performed using a 4-6 pl droplet of a highly concentrated AgNP so-
lution mixed with the same volume of the analyte solution. The droplet
was placed on a clean Si wafer that was surrounded by a bath of Millipore
water (see figure b)). The laser was focused with a 50x objective from
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Olympus with a long focal length inside the droplet. High concentrations of
AgNP were required to obtain strongly enhanced and stable signal without
the addition of aggregating agents [184] [I85] .

For the preparation of dried samples the analyte molecules were incubated

a b Long focus objective
01 Excitation laser A from Raman microscope
02 Optical fiber 4‘ |I ) ;

03 Objectives : )
04 Scanning stage M =l

05 Filter set [ H> : j

06 Photonic fiber

07 UHTS Raman spectrometer  ["" '" ']
08 CCD detector e 7, I
09 Koehler white-light illumination e P |
10 Z-stage for focusing L —

o[ ="

] Droplet placed on Si-wafer

Bath of Millipore water

Figure 3.1: a) Schematic setup of the Witec alpha 300 confocal Raman mi-
croscope (figure adapted from source [I86]). b) Picture of the experimental
setup of a liquid droplet measurement with the Horiba Labram microscope.

on the AgNPs for 2 hours before the solution was centrifuged two times at
3000g for 5 minutes to get rid of the excess analyte molecules and reduce
the citrate concentration. Each time the supernatant was discarded and the
AgNP solution was dissolved again in Millipore water. After a final cen-
trifugation step 1 ul of the solution was dried on an airplasma cleaned Si
wafer. Raman spectra on visible AgNP aggregates were taken using a 10x
Olympus Objective with a 10 pum spot size to get an averaged signal from
several hot spots.

3.3.1 Dark field spectroscopy

Dark field spectra were recorded with the Witec alpha 300 confocal mi-
croscope equipped with a 50x/0.75 HD objective from Zeiss for dark field
spectroscopy. All spectra were normalized by the spectra of the lamp that
was recorded in absence of a sample and dark count corrected according to
the subsequent formula:

Inorm _ Imeasured - Idark (31)
Ilamp - Idark

3.4 UV-Vis Absorption spectroscopy

UV-Vis Absorption spectroscopy of aqueous solutions of NB and AulNPs
samples was processed with a Jasco 650 Photospectrometer in a spectral
range of 200 nm to 800 nm and a scan speed of 200 nm/min. The spectra
were normalized by subtracting a so called blank sample containing the
solute. Typically 2 ml of the analyte was placed in a quarz macrocuvette
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from Hellma Analytics. Small amounts of sample were measured with a
Nanodrop 2000 from Thermo scientific, where only 1 - 2 ul are required.
The concentration ¢ of the samples can be determined from the UV-Vis
spectra using the Lambert-Beer law:

Abs=¢€-c-d (3.2)

where Abs is the absorbance, € is the molar extinction coefficient and d
is the path length of the light in the medium. The extinction coefficients of
the nucleobases are given in table 3.3

Table 3.3: Extinction coefficients of NBs analogues

7-m* (nm) Extinction (em~!/M)
A [187] 261 13400
C [187] 266 6100
G [187] 243 10700
T [187] 263 7900
U [187] 258 8200
8BrA [188] 271 17000
SBr( 282 6200
8Br@ 281 8100
SBry [189] 275 7010

Apart from *B7C and 887G, the extinction coefficients were taken from
the literature cited above. For 5B"C and 857G the coefficients were deter-
mined within this work from the initial weight of the dry samples.

3.5 Laser irradiation

Aqueous samples of AuNPs with NB analogues were irradiated with ns
pulses of a Minilite I Nd:YAG laser from Continuum using the second har-
monic with a wavelength of 532 nm, a pulse length of 3 to 5 ns and an energy
of 16 mJ per pulse. The diameter of unfocused laser beam was 3 mm and
the repetition rate was chosen between 5 and 15 Hz.

Typically 2 ml of a 30 pM AuNPs and 20 uM NBs mixture were placed in
a quartz cuvette on a stirring plate. When the sample was irradiated with
the unfocused laser the beam passed the cuvette from the side. Since the
optical density of AuNPs at the SPR was well below 1 and consequently
the influence of scattering is small, the laser intensity can be assumed to be
constant along the optical path.

In experiments that require higher laser fluences, the beam was focused with
a 30 mm objective on the surface of the sample. In order to prevent dam-
age of the cuvette the sample was irradiated from above and concentration
of the AuNPs was high to reduce the laser intensity at the bottom of the
cuvette through absorption and scattering of light on the AuNPs. For the
subsequent analysis only 5 to 10 pl of the sample were removed to minimize
the changes in the laser fluence on the surface during the illumination. 5 pul
of the extracted sample was further diluted in 195 ul Millipore water for the
subsequent UV-Vis analysis.
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3.6. DISSOCIATIVE ELECTRON ATTACHMENT IN THE GAS
PHASE

3.6 Dissociative electron attachment in the gas phase

DEA measurements in the gas phase were performed at the University of
Innsbruck at the Institute of Ion Physics in the group of Assoc. Prof.
Stephan Denifl.
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I ) mass spectrometer
4

Turbomolecular pump

Figure 3.2: Sketch of the crossed electron molecular beam setup. Figure
adapted from source [75]

In the crossed electron-molecular beam setup that is shown in figure 3.2,
a molecular beam was generated through a thin capillary that was connected
to a copper oven, where solid 8B*A was heated up to a temperature of 410 K,
which is still well below its melting point (7, > 250°C" ). Electrons were
emitted from a filament and pass a set of electrostatic lenses in a hemi-
spherical electron monochromator that allows only electrons with a certain
energy to pass. The electron beam crosses the molecular beam to produce
anions that were filtered by mass with a quadrupole and subsequently de-
tected with a channeltron detector. The energy resolution was 120 meV
and determined by the full width at half maximum (FWHM) of the 0 eV
resonance of the following reaction of tetrachloromethane with LEEs:

CCly+e — CCIF™ = CCly+ClI™ (3.3)

In order to tune the temperature of the oven to maximize molecular emis-
sion and prevent thermal decomposition of 8B*A | 70 eV electrons were used
to collide with the molecules and positive ion mass spectra were recorded to
detect the fragments generated via electron impact ionization. Furthermore,
for electron energies between 0 eV and 11 eV negative ion mass spectra were
taken and for all observed anions energy spectra were recorded. Thereby the
ion yield was measured for a fixed mass as a function of the electron energy.

3.7 DNA origami technique

DNA origami structures were used to determine SSBs of certain target se-
quences. Therefore, triangular DNA origami templates were synthesized
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based on the design of P.W.K. Rothemund [57]. The basic principle of the
self assembly is shown in figure [3.3

cooling from

staple 95 °C 10 20 °C
strand < =
—

M13mp18

Figure 3.3: Schematic formation of triangular DNA origami via hybridiza-
tion of a M13mp18 scaffold strand with 208 staple strands. The black dots
on the DNA origami structure mark the position of the protruding target
sequences.

To prepare triangular DNA origami structures a 7249 NBs long M13mp18
virus DNA single strand was used as a scaffold in a concentration of 5 nM
and 208 short oligonucleotides with a typical length of 32 NBs were added
in 30 fold excess. The short oligos have a complementary sequence to two
or more sections on the scaffold strand and staple it together when a dou-
ble strand is formed via hybridization. Each of the staple strands can be
modified internally or with an additional sequence at the 3’ or 5" end that
protrudes from the DNA origami template. Here two target sequences were
used:

Sequence 1: Bt TT (ATA); TT

Sequence 2: Bt TT (8B"ATA)3 TT

At the 5" end of the t1s-4i, t1s-14i and t1s-24i strand (Sequence 1) in the
DNA origami that are located in the center of the sides of the triangle and
at the t-5s8g, t-5s18g, and t5s28g strand (Sequence 2) that are located close
to the edges. The DNA was diluted in 1x TAE Buffer to mimic a bio-
logical environment and heated up to 95 °C to unfold the scaffold strand.
Subsequent cooling down to room temperature overnight leads to the for-
mation of a double strand via hybridization. 20 mM MgCl, were added to
overcome the Coulomb repulsion of the negatively charged backbone of the
DNA strands, since they need to be approached down to 2 nm. The shape
of the resulting DNA origami is predetermined by the selection of tailored
staple strands and thus, beyond the triangle used in this work, every conceiv-
able shape might be generated. To purify the DNA origami templates the
excess staple strands were removed by two rounds of spin filtering through
a 100 kDa Millipore filter for 10 minutes at 4000 g.
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In order to immobilize the DNA origami templates on a Si substrate,
a cleaning procedure of the surface is required. Therefore the Si wafer was
cleaned by rinsing with 4 ml of HoO:EtOH (1:1) and dried with a flow of com-
pressed nitrogen gas. After the wet cleaning, the substrates were illuminated
for 10 minutes with 254 nm UV light and exposed for additional 5 minutes
to an oxygen plasma to make the surface more hydrophilic. Especially the
final steps of the cleaning are crucial to keep the DNA origami structures
well adsorbed on the surface during the subsequent irradiation procedure.
To bind the DNA origami electrostatically on the surface, a 0.8 ul droplet
of the DNA origami solution was placed on the cleaned Si wafer together
with 20 pl of 10 x TAE buffer with 200 mM MgCl,. After an incubation
time of 60 minutes the wafer was rinsed with 0.5 ml of HyO:EtOH (1:1) and
placed in a bath of absolute Ethanol for one more hour to reduce the amount
of HoO bound inside the DNA origami structures before it was dried with
nitrogen. The samples were irradiated with LEEs under UHV conditions as
described in the following subsection in detail. In order to mark the intact
strands, the irradiated samples were incubated with 50 nM SAv diluted in 1
x TAE with 20 mM MgCls for 2 minutes in order to bind at the Bt group of
the intact target strands. Subsequently the sample was washed with 0.5 ml
H2O:EtOH (1:1) and dried with nitrogen to avoid further unspecific binding
of SAv on the sample. For the subsequent analysis every sample was imaged
with AFM.

3.7.1 Electron irradiator

The irradiation of DNA origami samples with LEEs was performed in the
group of S.V.K. Kumar at the Tata institute of fundamental research (TIFR)
in Mumbai, India using a custom built irradiator equipped with a pierce type
electron gun [190]. In ﬁgure a detailed sketch of the electron gun located
in a UHV chamber is shown.
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Figure 3.4: Schematic experimental setup of the electron irradiator in the
UHV chamber adapted from source [190]

Usually the irradiator was operated at pressures of 10~ Torr that were
produced using oil free pumps. Eight samples can be placed in the sam-
ple holder whereby only seven samples were irradiated in each run and one
sample served as control in order to determine potential influences of the
evacuation and venting procedure to the DNA origami structures. Further-
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more one additional sample that passed as well through the same procedure
apart from the transfer into vacuum is used as a reference. Careful vent-
ing and pumping of the chamber over a period of at least one hour was
required to prevent influences on the nanostructures. The Si chips had a
size of 12 mm x 12 mm and were marked in the center with a thin cross
that was scratched into the surface. In this way the center of the electron
beam can be precisely determined in the subsequent analysis, as the samples
were accurately placed under the electron beam with a positioning system
shown in figure b). A protective cover with an aperture of 3 mm in the
center allowed for the irradiation of a well defined area. Furthermore, the
samples were protected against stray electrons as they were biased at -20 V
during the entire period when they were stored in the chamber. All samples
were irradiated with an electron current of 1 nA at a fixed electron energy
between 0.5 eV and 9 eV. The energy resolution of the electron beam was
approximately 1 eV. The dose was precisely controlled by a software and
was chosen between 60 nC and 240 nC. In order to determine the exact dose
at a certain distance from the center of the sample a current profile of the
irradiator was evaluated.

3.8 Atomic force microscopy

AFM [191] is a form of scanning probe microscopy where a small tip is
mounted on a flexible cantilever that bends due to the molecular forces be-
tween the tip and a sample. The sample is scanned to receive a topographical
image of the surface, while the deflection of the cantilever is detected by the
reflection of a laser beam focused on the cantilever [192]. In this work NPs
and DNA origami nanostructures were imaged in the tapping mode, where
the cantilever is excited with a vibration close to its resonance frequency
that is influenced by external forces that change the phase and amplitude
of the oscillating cantilever. All measurements with the DNA origami and
most of nanoparticle measurements were performed with an AFM 5500 from
Agilent using a Tap 150 Al-G cantilever from Budgetsensors with a nominal
spring constant of 5 N/m and a nominal frequency of 150 kHz. In all remain-
ing cases a Flex AFM from Nanosurf was used with the same cantilevers.
Subsequent data processing described below was performed with Gwyddion
2.34 software.

In order to determine the size distribution of the nanoparticles the underly-
ing Si substrate was carefully flattened by several steps of polynomic back-
ground subtraction and base line correction under exclusion of the NPs.
The NPs were identified with a mask, marking all structures with a height
slightly above the surface roughness of the substrate and the NPs diameter
was determined by its maximum height.

SAv molecules on top of the DNA origami need to be identified for the anal-
ysis of several thousand structures in an adequate time frame. Therefore a
background subtraction and low pass filtering of the image and the choice
of a color code highlighting height differences of around 1nm on top of the
nanostructures were required.
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ABSTRACT: 8-Bromoadenine (**'A) is a potential DNA radio-
sensitizer for cancer radiation therapy due to its efficient
interaction with low-energy electrons (LEEs). LEEs are a short-
living species generated during the radiation damage of DNA by
high-energy radiation as it is applied in cancer radiation therapy.
Electron attachment to *™A in the gas phase results in a stable
parent anion below 3 eV electron energy in addition to
fragmentation products formed by resonant exocyclic bond
cleavages. Density functional theory (DFT) calculations of the
85'A™ anion reveal an exotic bond between the bromine and the
C8 atom with a bond length of 2.6 A, where the majority of the
charge is located on bromine and the spin is mainly located on the

8-Bromoadenine Stable Anion

Dissociative
Electron
Attachment

C8 atom. The detailed understanding of such long-lived anionic states of nucleobase analogues supports the rational
development of new therapeutic agents, in which the enhancement of dissociative electron transfer to the DNA backbone is

critical to induce DNA strand breaks in cancerous tissue.

B INTRODUCTION

In radiotherapy high-energy radiation, such as photons,
electrons, and ions, is used to kill cancer tissue. Upon the
initial interaction of the primary radiation with biological tissue,
a large number of secondary particles like OH radicals and low-
energy electrons (LEEs) are generated, which induce most of
the cellular damage."”” LEEs have been demonstrated to induce
DNA damage in the form of single strand breaks (SSBs),
double strand breaks (DSBs), and cross-links by dissociative
electron attachment (DEA).>"® In DEA an electron is
resonantly captured at a specific electron energy to form a
transient negative ion (TNI). The TNI is typically unstable
with respect to electron detachment or dissociation. Dissoci-
ation results in bond breaking on the time scale of the
vibrational motion of the molecule (~107'* s). Some
chemotherapeutic drugs, which are clinically administered for
decades such as $-fluorouracil (**U), cisplatin, and gemcitabine
have an additional radiosensitizi_n§ effect that is exploited in
concomitant radiochemotherapy.”” These compounds exhibit a
particular reactivity toward LEEs.””"" In the case of U and
cisplatin it has been demonstrated that their association to
DNA also leads to enhanced DNA strand breakage induced by
LEEs."'~" Cisplatin binds to two guanine bases in the DNA,
which can be facilitated by LEE attachment.” Once bound to
DNA, attachment of a single electron to the cisplatin—DNA

v ACS Publicationg © XXXX American Chemical Society

complex and formation of a Pt-centered TNI have been
demonstrated to be able to induce a DNA double strand
break."® Radiosensitization to LEEs acts on a femtosecond time
scale, in contrast to biological sensitization, which is operative
on a time scale of hours to days. In this context it was very
recently demonstrated that this knowledge can be used to
optimize the treatment protocols in radiochemotherapy such
that irradiation is performed when the maximum amount of Pt
is bound to DNA.'®'” In this way it was shown that the
formation of TNIs by electron attachment is a relevant process
in DNA radiation damage and radiosensitization, which can be
exploited to improve cancer radiation therapy.

Recently, it was proposed that apart from established
radiosensitizers also electrophilic molecules in general could
act on a physicochemical level as radiosensitizers due to an
enhanced DEA cross section, which could create specific
reaction products leading presumably to more severe DNA
damage.'* >

As an example also the incorporation of brominated
nucleobases and fluorinated adenine into DNA oligonucleo-
tides generally leads to enhanced DNA strand breakage induced
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by LEEs.”' ~** In this context 8-bromo-2’-deoxyadenosine has
been proposed as a novel radiosensitizer.”* Density functional
theory (DFT) calculations and radiolytic experiments indicate
that electron attachment can result in barrier-free Br~
abstraction followed by hydrogen atom transfer within the
remaining neutral radical nucleotide.”* > This finally leads on
the one hand to formation of cyclic adenosine and on the other
hand to P—O bond cleavage within the DNA backbone, which
is equivalent to a DNA strand break. Nevertheless, DFT
calculations on electron attachment to brominated nucleobases
dissolved in water exhibit a shallow minimum in the free energy
profile along the C—Br coordinate around 2.7 A, indicating that
this anion may be stable in an aqueous environment.””

Here, we demonstrate that electron attachment to 8-
bromoadenine (**A) below 1 eV indeed leads to a parent
anion in the gas phase, which is stable enough to be detectable
in a mass spectrometry setup. In the present work we elucidate
the mechanism of parent anion stabilization using DFT
calculations. Additionally, low-energy (ie, <3 eV) electron
attachment to *®A results in several fragmentation reactions
that are further characterized and shed some light on the
potential of ®*A to act as a radiosensitizer.

B RESULTS AND DISCUSSION

The formation of parent and fragment anions formed by
electron attachment to *™A is probed in a crossed molecular-
electron beam setup. A hemispherical electron monochromator
is used to provide a low-energy electron beam with an energy
resolution of about 120 meV. Negative ions are detected by a
quadrupole mass spectrometer (see the Methods section for
more details). The intensity of a mass-selected anion is
recorded as a function of the electron energy, resulting in ion
yield curves as shown in Figures 1 and 3, and the molecular
structure of *®A is shown in Figure 2a.
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Figure 1. Ion yield curves of the parent anion *A~ observed at 213
Da (a) and the parent ion after loss of hydrogen [**A — H]™ observed
at 212 Da (b).

As Br has two stable isotopes with an atomic mass of 79 and
81 Da at a ratio of 51% and 49%, the Br-containing fragments
are easy to identify as they show two peaks in the mass
spectrum.

The parent anion A~ is observed at 213 and 215 Da, and
the ion yield curve for 213 Da is shown on the left of Figure 1.
It is mostly formed within a single resonance close to 0 eV. In
previous electron attachment experiments neither for adenine
(A) nor any other nonmodified nucleobase a stable parent
anion was observed.”®*’ Only for 5-bromouracil (**U) and §-
bromouridine (***dU) stable molecular anions were observed
previously.*>*'

In this low-energy regime TNIs are typically formed by
electron attachment to a formerly empty molecular orbital
(MO) without excitation of the other electrons. The extra
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Figure 2. Results of DFT calculations: (a) molecular structure of 8-
bromoadenine (**'A), (b) SOMO of the ground state **"A anion, (c)
charge distribution within the **"A anion determined using the Merz—
Singh—Kollman scheme,® and (d) electron spin distribution within
the **A anion.

electron can then be temporarily trapped within a centrifugal
barrier in the interaction potential representing a shape
resonance.”” In addition to the peak at 0 eV a weak feature
around 0.8 eV is observed. This peak is not assigned to a
further resonance resulting in the formation of the parent
anion, but it originates from the dehydrogenated parent anion
with a molecular mass of 213 Da due to the natural ratio of the
2C/BC and "N/"N isotopes.

We have performed DFT calculations, which confirm that a
stable %¥"A~ can be formed with an adiabatic electron affinity of
0.89 eV (in terms of thermal free energy for 298.15 K). This is
in contrast to other halogenated A derivatives, namely WBrp 2Fp
and *FA, which are not able to adiabatically bind an extra
electron.”> The DFT calculations reveal a unique binding
mechanism of the electron by **A. The additional electron
approaches the *®A molecule and occupies the lowest
unoccupied MO (LUMO) of the neutral, thereby forming a
transient negative ion. The vertical electron affinity is negative
and is equal to —0.373 eV. It corresponds to the vertical
transition energy from the neutral ground state to the TNL It is
likely that a transition close to 0 eV is possible within the
Franck—Condon region, as it is observed in the experiments.
The transition into a stable anionic state is associated with
significant geometrical reorganization. The SOMO (singly
occupied MO) of the newly formed anion has a nodal plane in
the A—Br bond and thus is strongly antibonding (Figure 2b).
Hence, the A—Br bond weakens and extends from 1.87 to 2.62
A. Because of the strongly elongated A—Br bond, the
minimum-energy structure of A~ can be considered as a
complex of [A — H] with Br, with a particular distribution of
charge (Figure 2c) and spin (Figure 2d). The charge
distribution has been determined using the Merz—Singh—
Kollman scheme®® (see Methods section for details).
Accordingly, the majority of the excess charge (—0.73¢) resides
on Br, whereas the partial charge allocated on A is only —0.27e.
The energy of the asymptote ([A — H]®) + Br™ is 1.24 eV
lower than that of [A — H]™ + Br® (0.8 eV versus 2.04 eV).
From this perspective, we interpret the minimum-energy
structure of the **A anion as a complex Br--[A — H]*, even
though the effective charge on Br is only —0.73e. This picture is
supported by the spin density distribution, which is the largest
on the imidazole ring. This is in accordance with the earlier
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ﬁndings,34 where the barrierless formation of such a complex
was first postulated. The experiment demonstrates that such a
complex survives long enough to be extracted by the ion optics
of the mass spectrometer (i.e., several microseconds); therefore,
this can be considered as an anionic state of the parent
molecule. The energy to separate the Br™ jon and the [A — H]*
radical is calculated to be 1.20 eV (in terms of electron energy),
while the Gibbs energy for this reaction is 0.80 eV. In *'A™ the
unpaired electron is partially localized on the imidazole ring of
A, which is more stable than an A radical with the unpaired
electron on the pyrimidine ring. Consequently, the situation is
different when Br is bound to A at a different position. Our
DFT calculations show that the anion of the *'A molecule is
not stable, the latter having a negative electron affinity of —0.02
V. Also, the fluorinated A derivatives **A and *A do not form
a stable molecular anion since the A—F bond (135 kcal/mol) is
much stronger than the A—Br bond (85 kcal/mol).

In addition to the parent ion also anions with a mass of 212
Da (Figure 1b) and 214 Da are observed, which are due to the
dehydrogenation of A

PA+e A 5 [PA-H] +H
For nonmodified nucleobases, this is the most abundant
fragment.””** Besides a weak signal at 0 eV there are two
further signals at 0.78 and 1.02 eV. The most intense signal is
found to be at 0.78 eV, which is at slightly lower energy than
the strongest signal for dehydrogenated A located at 1.14 eV.*
The sharp onset at low energies indicates that this fragment ion
is produced right at its thermodynamic threshold. The H
abstraction can either proceed from C2 or N9 of the %A
molecule (see Figure 2a for the atom labeling). Our DFT
calculations reveal the thermodynamic threshold (AgG) of the
H abstraction from different sites of the molecule: ARG =
AG([*A — H]™) + ArG(H) — AG(*™A). The thermody-
namic threshold for the abstraction of H from C2 is found to be
—3.15 eV, whereas for the cleavage of the N9—H bond it is
—0.26 eV. This indicates that both fragmentation pathways are
thermodynamically possible within the resonances observed
here.

All fragment anions observed in DEA to ®¥A at electron
energies below 3 eV are summarized in Table 1. The most

Table 1. Fragment Anions Observed in DEA to *™A at
Electron Energies below 3 eV

ion mass (Da) peak energy (eV)
Br~ 79/81 0 0.35 105
(*B*A—Br—H)~ 133 0 0.35 115
(*B"A—Br)~ 134 0 0.35 11
(*BrA—H)~ 212/214 0.05 0.78 1.02
SBrp = 213/215 0

abundant fragment anions generated in DEA to **A are the
isotopes of Br~ with a mass of 79 and 81 Da (see Figure 3).
The corresponding ion yield curve (Figure 3a) shows a strong
resonance close to 0 eV with two shoulders at 0.35 and 1.05 eV.
The complementary negative ion [**A — Br]™ with molecular
mass of 134 Da is also generated through resonances at 0, 0.35,
and 1.1 eV, but with less intensity (Figure 3b). The slightly
more pronounced shoulder at 1.1 eV can be explained by *C-
and "N-containing isotopologues of the [**A — Br — H]~
fragment anion observed at 133 Da (Figure 3c). This fragment
anion is assigned to the loss of Br and a hydrogen atom

resulting in [**"A — Br — H]". For this fragment anion the two
resonances at 0.35 and 1.15 eV are more pronounced compared
to the ion yield curves of Br™ and the negative ion with a mass
of 134 Da. It is also interesting to note that DEA to A at low
energies results in several fragment anions, which could not be
detected in DEA to *PA, e.g, fraégment anions with mass-to-
charge ratios of 117 and 119 Da.*® This indicates that DEA to
8BrA leads to fewer fragmentation channels compared to A, but
higher signal intensities for fragmentation reactions involving
the cleavage of the C—Br bond.

B CONCLUSIONS

In summary, electron attachment to **"A close to 0 eV results in
a remarkably stable molecular anion, which is assigned by
means of DFT calculations to a Br --[A — H]* complex, in
which the C—Br bond is elongated to 2.62 A. At the same time
intense fragmentation of the transient negative ion is observed,
which is associated with the cleavage of the C—Br bond within
at least three different resonances below 2 eV. Compared to
DEA to A, electron attachment to °™A results in fewer
fragmentation reactions, but with higher signal intensities. A
subject of further studies is the effect of the characteristic
electron attachment to **"A on DNA strand breakage when %A
is incorporated into DNA. It needs to be elucidated whether
the long lifetime of the **A~ parent anion is preserved when
8BrA js incorporated in a DNA strand and whether it has an
effect on the DNA strand breakage. In general, ®*'A might serve
as an “antenna” in the capture of electrons. On the other hand,
the formation of stable parent anions might compete with
dissociative pathways and thus decrease the probability for a
strand break to take place. One potential precursor for strand
breaks in DNA would be the radical site on A formed by
abstraction of Br~ through DEA.

B METHODS

Crossed Electron Molecular Beam Experiment. In the
present experiment a crossed molecular electron beam setup
with high electron energy resolution was used that was
previously described elsewhere in detail®® The molecular
beam was produced from a capillary connected to a copper
oven, where **"A powder was heated up to 147 °C, well below
its boiling temperature that is above 250 °C. The working
pressure was around 8 X 1077 mbar, and internal lamps kept
the chamber at 350 K to avoid condensation of molecules on
the lenses of the monochromator. In the collision region, the
neutral molecular beam crossed at right angle an electron beam
that was generated by a hemispherical electron monochromator
(HEM). A weak electrostatic field guides the negative ions
toward a quadrupole mass spectrometer. Electron energy
calibration was performed using the DEA reaction of CCl,.
The 0 eV resonance in the ion efficiency curve of CI~ was used
to calibrate the energy scale, and the energy resolution of 120
meV was determined from the fwhm. **A was purchased from
Carbosynth Ltd. (UK) and used without further purifications.

Computational Details. The structures of the neutral and
anionic **A were fully optimized with the DFT method with
Becke’s three-parameter hybrid functional (B3LYP)* ™ and
the 6-31++G** basis set.”’ All the energy differences here are
given in terms of Gibbs free energies (AG’s), where electronic
energies are corrected for zero-point vibration terms, thermal
contributions to energy, the pV term, and the entropy term.
These terms were calculated in the rigid rotor—harmonic
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Figure 3. Ion yield curves of the anionic fragments with a mass of (a) 79, (b) 134, and (c) 133 Da.

oscillator approximation for T = 298 K and p = 1 atm. The
adiabatic electron affinity is calculated as the difference of
energy between the fully optimized neutral and the
corresponding fully optimized anion. The charge distribution
is determined using the Merz—Singh—Kollman (MK)
scheme.*® Accordingly, atomic charges are fitted to reproduce
the molecular electrostatic potential (MEP) at a number of
points around the molecule. We have used 1192 grid points
located on five layers around the molecule. The layers are
constructed as an overlay of van der Waals spheres around each
atom. The first layer is the van der Waals envelope, and the
following ones are added with the scaling factors of 1.4, 1.6, 1.8,
and 2.0. All quantum chemical calculations were carried out
with the GAUSSIANO9 rev.E suite of programs using the
computational resources provided by Wroclaw Centre for
Networking and Supercomputing (WCSS), grant No. 352. The
visualizations of molecules were performed with the ChemCraft
program.38
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Resonant formation of strand breaks in sensitized
oligonucleotides induced by low-energy electrons (0.5 — 9 eV)

Robin Schiirmann &b, Thupten Tsering [, Katrin Tanzer [, Stephan Denifl [, S.V.K. Kumar [, and llko

Bald*."!

Abstract: Halogenated nucleobases act as radiosensitizers in cancer
radiation therapy, enhancing the reactivity of DNA to secondary low-
energy electrons (LEEs). LEEs induce DNA strand breaks at specific
energies (resonances) via dissociative electron attachment (DEA).
Although halogenated nucleobases show intense DEA resonances at
various electron energies in the gas phase, it is inherently difficult to
investigate the influence of halogenated nucleobases on the actual
DNA strand breakage over a broad range of electron energies in
which DEA can take place (< 12 eV). Using DNA origami
nanostructures, we determine the energy dependence of the strand
break cross section for oligonucleotides modified with 8-
Bromoadenine (®®A). These results are evaluated against
measurements of DEA to isolated %A in the gas phase. Contrary to
expectations, the major contribution to strand breaks is from
resonances around 7 eV, while resonances at very low energy (< 2
eV) have little influence on strand breaks.

Low energy electrons (LEEs) are an important short-living
species, which are formed in radiation damage to DNA[" e.g.
during cancer radiation therapy. DNA strand breaks are induced
by LEEs even below the ionization threshold via dissociative
electron attachment (DEA).2 DEA takes place at specific
energies resulting in resonant structures in the cross sections of
single strand breaks (SSBs) and double strand breaks (DSBs)
upon irradiation, as reported for model plasmid DNA systems with
LEEs.l'®31 Furthermore, it has been demonstrated also for
chemotherapeutic agents like cisplatin,! gemcitabine © and 2-
Fluoroadenine (¥ A) 1® that LEEs cause enhanced damage, which
accounts at least partly for their radiosensitizing action.!
Nevertheless, the use of plasmid DNA for irradiation experiments
is limited as the influence of the DNA sequence, DNA
conformation or specific preparation conditions on the strand
break cross section remains unknown. Short oligonucleotides
(shorter than tetramers) with a distinct sequence and also with
incorporated radiosensitizers have been studied using HPLC for
post irradiation damage analysis.®! However, there are strict
limitations concerning the length of the oligonucleotides that can
be used in such experiments. By using DNA origami structures
these limitations can be overcome and it allows the determination
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Supporting information for this article is given via a link at the end of
the document.

of absolute strand break cross sections of tailored target
sequences.®® Electron energy dependent measurements aimed
at revealing the resonant character of the LEE induced strand
breakage with oligonucleotides has not been performed up to now
using the DNA origami technique, although it remains a critical
task to support previous studies using plasmid DNA and to study
the influence of sequence modifications on the DEA resonances.

The commonly used chemotherapeutic halogen containing
compound cisplatin®®! and brominated nucleobases!'” show
strong DEA resonances close to 0 eV in the gas phase causing
the release of a halide anion and leaving behind a neutral radical.
These radicals are expected to be an important precursor in the
formation of SSBs, as they can abstract a hydrogen atom from
the adjacent deoxyribose unit, which leads to a SSB after several
intermediate steps.['l A strong energy dependence of the SSB
cross section is expected especially at very low electron energies,
if the formation of the Br ion is the relevant reaction channel in
the formation of SSBs in DNA strands containing brominated
radiosensitizers. On the other hand, the initial electron attachment
could be the decisive step for DNA strand breakage. It is generally
assumed that for non-modified DNA strands, depending on the
environmental conditions,'? the LEEs are captured by the
electrophilic nucleobases and transferred via molecular orbital
overlap to the DNA-backbone where the cleavage of the C-O o-
bond causes a SSB.I"3

Here we present the energy dependence of DNA strand
breaks in single stranded oligonucleotides using the established
DNA origami technique®® and elucidate the influence of the
potential radiosensitizer 8-Bromoadenine (88'A)E>11a14  on the
absolute strand break (SB) cross section. The data is supported
by DEA measurements performed with the isolated molecule %A
in the gas phase. DEA to all the DNA building blocks was
previously studied in detail in the gas phase,'™ but the influence
of distinct fragmentation channels on the SB cross section is still
not fully understood. Thus we correlate energy dependent SB
cross sections of well-defined oligonucleotides in the condensed
phase with DEA data from the gas phase in the relevant energy
regime to get a deeper understanding of the underlying
mechanisms.

The general principle of the SB detection is illustrated in
Figure 1a showing triangular DNA origami templates that are
modified with two different protruding target oligonucleotides
carrying a Biotin (Bt) group at the 5’ end. At the central position
of the DNA origami template the sequence TT(ATA)TT is
positioned and studied to compare and check the reproducibility
of the results from earlier measurements done using different
irradiation setups at specific electron energies.!®*! In the previous
experiments using 18 eV electrons this Adenine (A) rich sequence
showed an enhanced SB cross section under electron irradiation
compared to other non-modified oligonucleotides.®®! In the
second target sequence TT(®8ATA);TT, which is positioned close
to the edges of the DNA origami triangles, three A bases are
exchanged by the potential DNA radiosensitizer ®A. In this way,
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both oligonucleotides can be compared within the same
irradiation procedures.

The DNA origami nanostructures have been immobilized on
plasma cleaned Si substrates and have been exposed to an
electron beam from a pierce type electron gun in a UHV chamber
with a well-defined dose D between 60 and 240 nC at an incident
electron energy between 0.5 eV and 9 eV.['l Remaining intact
target strands have been marked with Streptavidin (SAv) and
imaged by atomic force microscopy (AFM; see Figure 1a). The
relative number of SBs (Ngsg) of each sample has been
determined from the number of intact strands on an irradiated
sample compared to the number of intact strands on a non-
irradiated control sample. As the electron doses were chosen well
below the saturation of Nsg,!°d the absolute SB cross section osg
of the target strands can be determined by a linear fit of the SB
yield against the electron dose (see Figure 1 d).

@ Streptavidin
e Biotin
i,
i TT (E8ATA), TT

2eV
= TT(ATA)TT

= TT(™ATALTT

N, /%

Irradiated

c)

0 50 100 150 200 250
D/nC —

Figure 1. a) Principle of DNA strand break detection with DNA origami
substrates; b) Example of an AFM image of a non-irradiated control sample; c)
Example of an AFM image of a DNA origami sample irradiated with 7 eV
electrons at a fluence of 0.53 x 10" cm? d) Relative number of SBs (Nss)
plotted against electron dose D at 2 eV. The SB cross section oss is determined
from the slope of the linear fit.

In Figure 2a ogg is plotted as a function of the electron energy
for the two target strands TT(ATA);TT and TT(®®ATA);TT. The
strand break cross sections for both sequences exhibit a broad
resonant structure centred around 7 eV. For all energies, osg for
the TT(®8"ATA)TT strand is higher than osg for the unmodified
sequence.
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Figure 2. (a) SB cross sections as a function of the electron energy for the two
target sequences. Solid lines connect the data points to guide the eye, (b)
Strand break enhancement factors calculated from the data shown in a).

Strand break enhancement factors (EFsg) are calculated as
the ratio of the SB cross sections for modified and non-modified
strands: EFsg = oss(TT(®¥ATA)TT) / 0ss(TT(ATA)STT). The
obtained values are plotted in Figure 2b against the electron
energy, revealing an average EFgg of 1.9 £ 0.6, which is one of
the highest strand break enhancement factors reported for
halogenated oligonucleotides so far.5%¢l With oligonucleotides
containing 2FA (TT(*FAT#A);TT) an EFsg of 1.7 at 10 eV was
found,®! while 5-Bromouracil (*®'U) gave rise to EFsg = 1.2 (for
TT(A®UA)STT at 18 eV) and EFsg = 1.65 (for TT(G®UG),TT at
18 eV);® and the highest EFsg found for 5-Fluorouracil (57U)
containing sequences was EFsg = 1.65 (TT(SFUTSFU);TT at 10
eV).l Since %A is a good electron acceptor,!'”! it acts as an
antenna for the capture of electrons in DNA that subsequently can
trigger a variety of fragmentation reactions in the DNA.

The fragmentation of all DNA subunits through DEA has been
carefully studied in the gas phase.["¥ In the energy regime around
7 eV all DNA subunits give rise to various resonant fragmentation
pathways including multiple bond cleavages like in the formation
of NCO" in DEA to Thymine (T).['8l A remarkable electron induced
reaction in this energy regime is the resonant C-O cleavage at the
sugar moiety that corresponds to a SB, even though its overall
intensity is relatively low.['® These reactions are mediated by core
excited resonances, in which the electron attachment is
accompanied by an electronic excitation.

In order to understand the basic interactions of LEEs with 88'A
and the potential initial steps of strand breakage, we have studied
DEA to isolated ®¥A in the gas phase. Figure 3 shows negative
ion mass spectra of gaseous ®¥A crossed with an electron beam
of energy 0 eV and 6 eV, respectively. At 0 eV the main
dissociation pathway is the cleavage of the C-Br bond, as the
most abundant fragment anion is the bromide anion (79 and 81
Da). The corresponding anionic counterpart at 134 Da is relatively
weakly formed.

The features in the energy-dependent osg in Figure 2a at low
energies are mainly within the error bars and might be also
influenced by DEA to the Bt group.?®! Notably, the values of osg
of the modified strand are the lowest at energies < 2 eV. At these
electron energies an effective cleavage of the C-Br bond has been
observed in DEA to isolated ®8"A (see Fig. 3 and a more detailed
discussion below).?"! The C-Br breakage is induced via shape
resonances, where the electron temporally occupies a formerly
empty molecular orbital.? In this way an adeninyl radical is
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generated that is assumed to be a relevant precursor of the SB
process.['"@ Nevertheless, a possible explanation for the minor
osg at such low energies is a competitive reaction channel
initiated by an 8-adeninyl radical resulting in the formation of
5'desoxy 8,5’ cyclo-adenosine that does not lead to a SB.['1222
Furthermore, the lifetimes of the shape resonances could be
lower in the condensed phase than in the gas phase. This can
suppress the DEA at low energies, similar to previous
experiments, which showed only minor electron induced DNA
damage below 4 eV.[">70.23]

At 6 eV the bromide ion is still the most intense fragment even
though the intensity drops by more than two orders of magnitude.
Besides this exocyclic bond cleavage of the bromine and/or one
hydrogen atom,?"] multiple bond cleavages are observed leading
to the formation of fragments with 26, 65, 90, 92, 105 and 106 Da
with an intensity comparable to DEA to A.?4l For all these anions,
we have recorded ion yield curves, which are shown in Figure 4
and in Figure SI2 of the supporting information (SI). Here, we
focus on the fragments formed in the energy region 5eVto 9 eV,
where also the strand breakage (Fig. 2a) follows a clear resonant
process.
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Figure 3. Negative ion mass spectra of gaseous ®®'A crossed with 0 and 6 eV
electrons.

The anion with a mass-to-charge ratio of 26 Da is assigned to
CN-, which is formed within at least three different resonances
located at 2.0 eV, 5.8 eV and 7.1 eV (Figure 4a). It can be formed
by excision from the aromatic purine ring of 8"A. Even though CN-
was also detected in DEA to A with a comparable yield, the
particular resonant structures generating the anion by DEA to 88'A
are more pronounced at electron energies below 5 eV.?4 In
previous studies it was already demonstrated that CN- is a central
fragmentation product in DEA to organic molecules, which can be
formed with high energy selectivity®® and also within aqueous
solutions by electrons released from gold nanoparticles.?d The
65 Da fragment corresponds to HC(CN), and is formed by the

subtraction of the debrominated imidazole ring. It is created by a
core excited resonance peaking at 5.0 eV that is shifted by 0.8 eV
towards lower energies compared to A.?*l In a similar manner the
105 Da anion is generated within a resonance at 5.7 eV that is not
observed for A4 The anion with a molecular mass of 90 Da
exhibits two peaks at 2.3 eV and a broader at 5.2 eV, respectively,
and is most probably due to C4Ns™.
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Figure 4. lon yield of the 26, 65, 90 and 105 Da anionic fragments plotted as a
function of the incident electron energy.

The similarity of the resonant profiles of the gas phase DEA
products (Fig. 4) and the strand break cross sections in the
condensed phase (Fig. 2a) indicate that the corresponding anion
states located on %8"A can be precursors for SBs. The general
enhancement of the SBs in the sensitized oligonucleotide over the
whole electron energy range from 0.5 eV to 9 eV can be caused
by a higher electron capture cross section of the 88'A bases. This
allows for an increased electron transfer towards the sugar
phosphate backbone leading to a SB in a secondary step and
resulting in the observed average SB enhancement by a factor of
1.9 £ 0.6 for the sensitized sequence compared to the non-
sensitized sequence over the whole energy range studied here.
The lack of clear resonant features at low energies points to a
minor role of the C-Br bond as a predetermined breaking point for
the formation of SBs, as the cleavage of this bond is mainly
observed within resonances below 2 eV in DEA to ®A. On the
other hand, it cannot be excluded that the electron partly loses its
energy to the environment in a two-center process before it
attaches to the DNA, which consequently leads to a shift of the
low-energy resonance towards higher energies.?)

In summary, the current study indicates that %A serves as an
efficient radiosensitizer as the SB cross section is approximately
doubled for oligonucleotides containing %A compared to non-
modified ones over the whole energy range from 0.5 eV to 9 eV.
A clear resonant structure of strand breakage is found with a
maximum around 7 eV. Unexpectedly, no new resonances are
observed in the sensitized oligonucleotides that are exclusive to
8'A. These observations shed new light on the relevant
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processes leading to DNA strand breaks by LEEs and will have a
clear impact on the search for potential DNA radiosensitizers for
cancer radiation therapy.

Experimental Section

A detailed description of the experimental setup is given in the
Sl. Briefly, triangular DNA origami nanostructures were
synthesized with an established protocol!® based on the synthesis
of P.W.K. Rothemund®® and irradiated with an electron irradiator
at Tata Institute of Fundamental Research, Mumbai, India which
is described elsewhere in detail.'® The negative ion mass
spectrometry was performed with a crossed molecular electron
beam setup equipped with a hemispherical electron
monochromator with an energy resolution of around 120 meV.24
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Experimental
DNA origami structures:

The synthesis of the DNA origami structures was based on the protocol of P.W.K Rothemund for
triangular nanostructures!!. Therefore circular single stranded M13mp18 virus DNA (5 nM) with a
known sequence of 7249 nucleobases was used as a scaffold. Furthermore, 208 short oligonucleotides
were added in a 30 fold excess to staple the scaffold into the desired shape. At the positions t1s-4i,
t1s-14i and tls-24i on the origami, the staple strand was prolonged at the 5’ end by the sequence
TT(ATA)STT with a biotin (Bt) group at the end, whereas at the positions T-5s8g, T-5s18g and T5s28g a
Bt labeled TT(®® ATA)sTT sequence is attached. The mixture was in 1x TAE buffer containing 20mM
MgCls. In order to form the nanostructures by self-assembly, the solution was heated in a water bath
to 95°C and cooled down to room temperature overnight. For purification of the origami the excess
staple strands were removed by two rounds of spin filtering using a 100 kDa Millipore filter.

The DNA origami structures were immobilized on Si substrates that were cleaned previously in an O»-
plasma and rinsed with ethanol:H,0 (1:1). 0.8 pl of the origami solution and 20 pl 10x TAE + 200 mM
MgCl, were incubated for 60 min on the wafer, subsequently rinsed with 1 ml EtOH:H,0 and placed
for another 60 minutes in absolute ethanol. Afterwards the sample was dried with nitrogen gas and
irradiated in the UHV chamber. In order to bind streptavidin (SAv) to the intact target strands, the
irradiated samples were incubated with 15 pl SAv (50 nM) diluted in 1x TAE buffer with 20 mM MgCl,
for 2 minutes and subsequently rinsed with 0.5 ml EtOH:H,0 (1:1) and dried with nitrogen .

Electron irradiation:

The irradiation of the DNA origami structures was performed in a custom build electron irradiator that
is described elsewhere in detail 2. In the sample holder eight samples were placed, whereas seven

3
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were irradiated and one serves as a reference for each set. Additionally one more sample was prepared
under the same condition but it was not transferred into the vacuum chamber and used as external
control. The irradiator is a pierce type electron gun inside a UHV-chamber operated at a pressure of
10 Torr. Before the irradiation was started, the current was set to approximately 1 nA and stabilized
manually. The dose was precisely controlled by a software and chosen between 60 and 240 nC. A
protective cover with an aperture of 3 mm defined the irradiated area.

AFM:

The atomic force microscopy (AFM) imaging of the DNA origami structures was performed with an
Agilent 5500 AFM in the tapping mode using Tap 150 Al-G soft tapping cantilevers. For each sample at
4 positions images were taken that located around 400 um away from the irradiation center. The intact
strands of 500 — 1000 origamis were counted to determine the SB yield. The SB yield of each irradiated
sample were subtracted by the SByield of the unirradiated control sample and the error bars are given
by the standard deviation of the 4 positions. For the subsequent analysis of the AFM images the
software Gwyddion 2.34 was used.

Negative lon Mass Spectrometry

The dissociative electron attachment (DEA) experiments were performed in a crossed molecular-
electron beam setup that was described previously in detail®®. The electron beam was generated in a
hemispherical electron monochromator with an energy resolution of around 120 meV that was
determined by the full width half maximum of the 0 eV resonance in the CI- generation by DEA to
tetrachloromethane:

CCly + e > CCl* > CClz + CI

In order to generate the molecular beam, solid %A was heated to 450 K in a copper oven that is
connected to a capillary. The anions formed by the collision of the two beams are mass filtered by a
quadrupole and detected with a channeltron.

[1] P.W. K. Rothemund, Nature 2006, 440, 297-302.

[2] S.V.K.Kumar,S.T.Tare, Y. V. Upalekar, T. Tsering, Rev. Sci. Instrum. 2016, 87, 034302.

[3] S. Denifl, S. Ptasinska, G. Hanel, B. Gstir, M. Probst, P. Scheier, T. D. Mark, J. Chem. Phys. 2004,
120, 6557-6565.
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ABSTRACT: Different approaches have been proposed to treat cancer cells using
gold nanoparticles (AuNPs) in combination with radiation ranging from infrared
lasers to high-energy ion beams. Here we study the decomposition of the DNA/
RNA nucleobases thymine (T) and uracil (U) and the well-known radiosensitizer
S-bromouracil (BrU) in close vicinity to AuNPs, which are irradiated with a
nanosecond pulsed laser (532 nm) matching the surface plasmon resonance of the
AuNPs. The induced damage of nucleobases is analyzed by UV—vis absorption
spectroscopy and surface-enhanced Raman scattering (SERS). A clear DNA
damage is observed upon laser irradiation. SERS spectra indicate the fragmentation
of the aromatic ring system of T and U as the dominant form of damage, whereas
with BrU mainly the cleavage of the Br—C bond and formation of Br™ ions is
observed. This is accompanied by a partial transformation of BrU into U. The
observed damage is at least partly ascribed to the intermediate formation of low-
energy electrons from the laser-excited AuNPs and subsequent dissociative

electron attachment to T, U, and BrU. These reactions represent basic DNA damage pathways occurring on the one hand in
plasmon-assisted cancer therapy and on the other hand in conventional cancer radiation therapy using AuNPs as sensitizing

agents.

B INTRODUCTION

The excitation of the surface plasmon resonance (SPR) of Au
and Ag nanostructures leads to collective oscillations of free
electrons in the metal resulting in high electromagnetic fields
close to the metal surface. Depending on the irradiation
conditions, the SPR excitation can be accompanied by an
elevated temperature at the nanoparticle (NP) surface' and the
release or transfer of electrons from the nanoparticle to the
surrounding medium.”™* In this way the material in close
vicinity of the NP is modified, which is for instance exploited in
the targeted decomposition of biological materials”® and the
optical processing of organic materials with high local precision
(depending only on the dimensions of the nanostructures).”””
A prominent example of plasmon supported cell damage is the
irradiation of gold shell nanoparticles with continuous wave
near-infrared lasers as a novel type of cancer therapy.'""’

The decomposition of biological material in the vicinity of
irradiated NPs can be ascribed to the generation of reactive
photoelectrons upon irradiation with nanosecond (ns) pulsed
lasers and/or to a thermal effect.”'> When ns laser pulses are
used, photoelectrons are ejected by thermionic emission due to
the rapid relaxation of photoexcited AuNPs to the electronic
ground state.” In this way vibrational energy is accumulated
before it is lost to the environment, resulting in a temperature
rise of the AuNP and a thermal ejection of electrons.
Previously, it was demonstrated that the NP heating and thus
the yield of solvated electrons correlates with the interband

v ACS Publicationg © 2016 American Chemical Society
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transition in absorption spectra and not with the surface
plasmon resonance (SPR).”'* Taking the lower work function
of AuNPs compared to bulk Au into account (3.6 eV for 10 nm
AuNPs),"* two photons of a 532 nm laser (2.33 eV) are
sufficient to ionize the AuNP. However, direct multiphoton
ionization is only possible with laser pulses that are shorter than
the radiationless decay of excited states, which is in the
femtosecond (fs) regime.

In aqueous solutions the thermionic electron emission
readily produces solvated electrons, which can be detected by
transient absorption spectroscopy.12 However, prior to
complete solvation, the electrons in aqueous solution are in a
prehydrated state within the first 0.5 ns after generation.'* The
prehydrated electrons are considerably more reactive than
solvated electrons due to their lower binding energy."*
Nevertheless, both prehydrated and hydrated electrons can
directly react with biomolecules such as DNA nucleobases by
formation of transient negative ions, which can quickly
dissociate.'® This bond breaking mechanism is referred to as
dissociative electron attachment (DEA)'® and represents a
highly efficient way for the decomposition of molecules that is
relevant for various processes such as nanolithography'” and
DNA radiation damage.'® Low-energy electrons (LEEs) belong

Received: October 28, 2015
Revised:  January 20, 2016
Published: January 20, 2016

DOI: 10.1021/acs jpcc.5b10564
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Figure 1. (a) lllustration of the experimental strategy to study the decomposition of DNA model compounds by laser irradiation of AuNPs. In a first
step a green laser (532 nm) is used to excite the SPR of the AuNPs and to release photoelectrons. The damaged DNA bases are detected after
addition of AgNPs by SERS using a red continuous laser (633 nm). (b) Molecular structures of the investigated compounds.
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Figure 2. UV—vis absorption spectra of thymine. The absorption spectra are dominated by the absorption of thymine at 260 nm and the SPR of
AuNPs around 520 nm. The intensity of the SPR band decreases upon laser irradiation and shows a slight shift toward lower wavelengths. This
indicates that the AuNPs decrease in size due to Coulomb explosion. The absorption band of thymine also decreases with irradiation time indicating

a decomposition of the ring structure.

to the most important intermediates in radiation damage to
DNA."*" Since free LEEs are produced by irradiation of gold
nanoparticles (AuNPs) with X-rays or }/—rays,zo'21 AuNPs are
proposed as a novel therapeutic in radiation cancer therapy to
increase the local LEE dose in tumor tissue.”>>’

To unravel the fundamental mechanisms of DNA radiation
damage, the interaction of LEEs with simple model compounds
(such as nucleobases and nucleosides) has been studied in great
detail during the past years.'® It was found that LEEs effectively
decompose all DNA compounds at specific (resonant) electron
energies due to the formation of characteristic anion
resonances. But as a central challenge, the question remains
whether the mechanisms developed on the basis of such model
compounds under extreme conditions such as gas or condensed
phase in ultrahigh vacuum can reflect a situation in a real
biological environment. Especially the role of more complex
DNA structures”*™>® and the role of an aqueous solution in
eIectrggzsinduced DNA damage are currently studied in
detail.””

o1

3002

In the present work the decomposition of the DNA
nucleobase thymine (T), the RNA base uracil (U), and the
well-known radiosensitizer S-bromouracil (BrU) in aqueous
solution in the presence of AuNPs upon irradiation with pulsed
laser light at 532 nm is studied. The decomposition of the DNA
model compounds is followed by UV—vis absorption spectros-
copy, and the fragmentation products are detected by surface-
enhanced Raman scattering (SERS). SERS represents a highly
sensitive analytical technique, which yields a characteristic
vibrational fingerprint of the compounds present in close
vicinity to noble metal nanoparticles (NPs).”” The Raman
scattering is enhanced by several orders of magnitude through
excitation of the SPR of the NPs, and thus also small amounts
of sample can be detected and reactions be observed.*’

The purpose of the present work is to develop a better
understanding of DNA damage close to plasmon excited
AuNPs and to compare the observed damage with LEE induced
DNA damage typically studied in dry conditions.

DOI: 10.1021/acs jpcc.5b10564
J. Phys. Chem. C 2016, 120, 3001-3009



CHAPTER 4. MANUSCRIPTS

The Journal of Physical Chemistry C

a)
=
Pt
=
[}
1=
2
=
500 1000 1500 2000
Wavenumber (cm™)
c) d)
| —240min . 1|
— [} iiN = !
3 @ |
& oA
8 =1
= R
2 S |
z =
z |

T2050 2100 2150 2200
Wavenumber cm™)

Figure 3. SERS spectra of thymine. The most prominent feature upon laser irradiation is the appearance of new bands at 380, 1900, and 2140 cm™.

1800 1850 1900 1950 2000
Wavenumber cm)

b)
B_
o
2
g I
5 44
o4 I
00 01 02 03 04 05 06 07
€ 15 1ag (MM)
e)
El
S
>
B
=
L
E

Wavenumber cm’™)

1

Table 1. Assignment of SERS Bands Observed in the Present Experiment and Comparison to Values Reported Previously

thymine description*® uracil description** BrU description®”
1648 4(C=0) + §(N—H, C—H) 1629  1(C2=0) + ¥(C4=0), 5(N1—H) 1637 v(C2=0)
1602 1625 u(C4=0)
1560 1393 &(C6—H, N1—-H, C5—H) 1562 1(C5=C6)
1394 5(N—H) 1370 8(N3—H, C5-H, C6~H) + 1(C2—N3) 1396 u(ring) + S(N1—H)
1348 §(N—H, C—H) 1276 1(N3—C4(—C4C5— C6N1), S(N1-H, C5-H, C6-H) 1326  8(C6—H) + u(ring)
1276 1209 S(N1-H, C6—H, C5—H) + v(C6—N1) 1276 S§(N1-H, C6—H) + v(ring)
1217 ¥(C-N) 1101 8(C5—H, C6—H) + 1(C5=C6, C6-N1) 1180 8(NI-H, C6—H) + u(ring)
1178 1047 u(ring) 1071 u(ring)
1029 1024 8(N3-H, C6-H) + v(C-N)
996 ring breathing + v(CH;) 800 ring breathing 798 ring breathing
808 598 &(ring) 683
779 S§(C6—H) + v(C5=C6) 562 5(ring) 653 8(ring) + v(C—Br)
630 621
586 441 §(C2=0, C4=0) 577 8(ring) + 5(CO)
491 434 5(CO) + 8(ring)
434 346 7(C—H) + y(ring)
291 8(C—Br) + 5(ring)

B RESULTS AND DISCUSSION

The nucleobases T, U, and BrU have been used as DNA model
compounds and have been mixed with Au colloids and
irradiated with a pulsed Nd:YAG laser at 532 nm for up to
240 min while stirring the solution (see Experimental Section
for details). After a specific irradiation time some sample is
removed and subjected to further analysis by either UV—vis
absorption or SERS spectroscopy. For the SERS analysis,
AgNPs are added to the separated part of the solution to obtain
a sufficient SERS enhancement. The AgNPs are required since
the irradiated AuNPs are too small to provide sufficient SERS
signal. The experimental approach is illustrated in Figure 1.
Thymine and Uracil. UV—vis absorption spectra of
irradiated T + AuNP solutions are shown in Figure 2a and
are dominated by two absorption bands located at 520 and 260
nm, respectively. The signal at 520 nm is due to the SPR of Au,
and its intensity decreases rapidly when the laser irradiation is
started and remains rather constant after around 25 min. The
intensity drop is accompanied by a slight blue-shift of the SPR
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band, which is plotted in Figure 2b as a function of irradiation
time. The blue-shift is due to the coulomb explosion of the
AuNPs upon irradiation with the 532 nm laser pulses as a
consequence of the accumulation of positive charge upon
multiple ionization. This leads to a decrease of the AuNP
diameter, which is accompanied by a decrease of the extinction
coefficient.”’

The absorption band at 260 nm is due to the lowest 7—z*
transition in T. The intensity of the band decreases almost
linearly with irradiation time indicating the decomposition of
the T bases (see Figure 2c for a zoom-in of the absorption band
and Figure 2d for a plot of the intensity vs irradiation time) and
a constant rate of product formation.

The nucleobases in solution can be decomposed (i) by
released photoelectrons through the DEA mechanism and (ii)
thermally due to a short-term temperature rise in close
proximity to the nucleobases. The linear intensity drop of the
absorption band of T does not correspond to the time
evolution of the SPR band. Nevertheless, it must be noted that

DOI: 10.1021/acs jpcc.5b10564
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is assigned to CO/CN or other C binding to Ag.
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the formation of solvated electrons does not correspond to the
SPR excitation but to the interband excitation of gold,2 which
can still occur in smaller AuNPs with less pronounced SPR
band.

The UV—vis spectra of the U + AuNP system are very similar
to the ones obtained from T (Figure 2) and are shown in the
Supporting Information (Figure S1).

More specific chemical information about fragmentation
products can be obtained from SERS spectra, which are shown
in Figure 3 for laser-irradiated solutions containing AuNPs and
T. The black spectrum was obtained from a nonirradiated
sample, and the other spectra were obtained from samples
irradiated for 15—240 min with a pulsed laser at 532 nm. The
appearance of new Raman bands at 2100—2200, 1900, and 379
em™' can be clearly observed (see high-resolution scans in
Figure 3c—e and Table 1 for a summary of observed SERS
bands and their assignment), indicating the formation of
decomposition products. A new band appears with low
intensity, but clearly recognizable at 1295 cm™". A zoom-in is
shown in the Supporting Information (Figure S2). The signal at
2100—2200 cm™" consists of two contributions located at 2140
and 2172 cm™!, which are assigned to C=N stretch vibrations
arising most likely from CN™ ions or CN containing fragments
formed by decomposition of the ring structure. The band at
2170 cm™" might also be assigned to the OCN™ ion that is
typically accompanied by signals at 1207 and 1300 cm™, the
former being overlapped by the thymine siglal at 1217 em™.
From gas phase DEA studies of T°> and U™ it is well-known
that electron attachment to T and U results in a decomposition
of the aromatic ring structure, and CN~ is an important
decomposition product:**

T/U + e — T"/U* - CN™ + other fragments (1)

In the DEA process the electron occupies a formerly empty
molecular orbital (MO) to form a transient negative anion
(denoted as T*~/U*"). Because of the antibonding nature of
the MO, the anionic state is typically repulsive and the transient
anion is unstable toward dissociation. In this way even complex
dissociation reactions with multiple bond breakin§s is possible
at rather low electron energies below 2 eV,***> which is
reasonable to assume for the electrons created under the
present conditions.

The thermodynamics of low-energy electron induced
reactions especially in complex systems (including the environ-
ment in the present case) is not straightforward and different
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aspects play a role. The formation of CN containing fragments
from gas phase T subsequent to electron attachment was
extensively studied by Ferreira da Silva et al.*® Accordingly, the
thermodynamic threshold of e.g. metastable NCO™ formation
was found to be below 2 eV. The thermodynamic threshold
depends strongly on the specific other products formed during
the process. In several studies it was demonstrated that the
thermodynamic threshold of e.g. CN™ can be significantly
reduced (even down to almost 0 eV) through the formation of
stable neutral products.””** Furthermore, the comparison with
gas phase data is not sufficient, and it must be taken into
account that the present experiments are performed in
condensed phase, in which additional reaction channels can
be operative. Since we are working in an aqueous solution,
hydration of ions and other reaction products might be the
most important contribution. For the CN™ ion a stabilization of
2.0 eV upon solvation was determined by photoelectron
spectroscopy and ab initio calculations.” Thus, the formation of
CN containing fragments by electron attachment in aqueous
solution can be rendered thermoneutral or even exothermal.

The energy distribution of thermionic electrons released
from gold nanoparticles upon laser irradiation was previously
determined to be on average 1 eV for 35S nm irradiation (0.5
ns pulse width and 7.2 ] cm™ peak energy).*” Thus, the ring
cleavage observed in the present experiment can basically be
explained by an electron-induced reaction. According to the
above-mentioned considerations, this is thermodynamically
easily possible before the photoelectrons are partly solvated.
From the presolvated state the reaction requires the formation
of stable (and hydrated) byproducts.

The appearance of multiple signals at 2100—2200 and at
1900 cm™ suggests that a variety of fragments containing CN
bonds or cumulated dienes, respectively, is formed.

Furthermore, a new band is observed in the low-wavenumber
region at 379 cm™'. This band is assigned to a Ag—CN
vibration due to the reaction of CN containing fragments
binding to the Ag colloid.*'

The signal intensity (I) of the band at 1900 cm™ is plotted
vs the concentration of fragmented nucleobase in Figure 3d.
The concentration was calculated from the peak intensity of the
260 nm absorption band in the UV—vis spectra. As we expect
that only the first layer of the adsorbed molecules on the
AgNPs contributes to the SERS signal, the data are fitted with a
Langmuir isotherm using the equation
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with Kj, being the Langmuir sorption coefficient.

Figure 4 shows the SERS spectra of U + AuNP upon
irradiation with laser pulses of green light, which show similar
characteristics as the SERS spectra of T (see Table 1). The
appearance of an intense band at 2140 cm™" is clearly visible in
Figure 4a. This signal is due to the generation of C=N
containing fragments, which can be generated by the reaction of
photoelectrons with U.** The signal intensity increases with
irradiation time according to a Langmuir isotherm, and
saturation is reached at irradiation times longer than 100 min
(Figure 4b).

The fragmentation pathway appears to be slightly different in
U compared to T since in the SERS measurements with U the
signal at 2140 cm™ clearly dominates the spectral region of
1800—2300 cm™, and in contrast to T only a weak
contribution appears at 1900 cm™ (see Supporting Informa-
tion). Furthermore, the signal at 1295 cm™ could not be
observed.

5-Bromouracil. BrU is a well-known radiosensitizer
inducing enhanced DNA strand breakage™® due to its high
reaitzivity with LEEs especially at very low energies close to 0
eV.

UV—vis spectra of irradiated solutions of BrU and AuNPs are
shown in Figure 5. The absorption band of BrU has a maximum
at 273 nm, and upon laser irradiation the intensity drops and at
the same time the absorption maximum shifts to shorter
wavelengths. As is illustrated in Figure Sb, the intensity drop of
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the BrU absorption band is less pronounced than in the case of
U, indicating a stronger decomposition of the aromatic ring
structure of U compared to BrU. The shift of the absorption
maximum (Figure Sc) suggests a chemical transformation of
BrU while maintaining the aromatic structure. Since the
absorption maximum of U is at lower wavelength (A,,, = 260
nm) than the absorption maximum of BrU (4, = 273 nm), a
partial transformation of BrU into U can be assumed (which is
further discussed below using SERS spectra).

The peak maximum of the SPR band at 520 nm also initially
shifts to shorter wavelengths accompanied by an intensity drop
due to Coulomb explosion after starting the laser irradiation
(Figure Sd). However, after 20 min the peak maximum of the
SPR band shifts again to longer wavelengths and the intensity
increases again, indicating the formation AuNP aggregates
(Figure 5d). The formation of AuNP aggregates can be induced
by halogen anions, and it is likely that the observed shift and
intensity change of the SPR band are due to the formation of
Br™ ions upon laser irradiation. The Br™ ions can be formed by
electron attachment to BrU according to the following
equations:

hv + AuNP — AuNP"" 4 ne” (3)

e +BrlU—BU" > Br +U (4)

BrU*~ indicates again the transient negative ion, which can be
formed with very high efficiency by attachment of electrons
close to 0 eV.*> The molecular anion relaxes by dissociation and
a stable Br™ anion is formed along with a reactive neutral radical
U

DOI: 10.1021/acs jpcc.5b10564
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The SERS spectra of BrU upon laser irradiation in the
presence of AuNPs are displayed in Figure 6, and band
assignments are collected in Table 1. The change of SERS
signals upon laser irradiation are remarkably different compared
to T and U. In contrast to U and T, irradiation of BrU results
only in a very weak signal at 2140 cm™', indicating a
considerably smaller amount of ring fragmentation reactions
involving products with CN groups.

Instead, the cleavage of the Br—C bond is directly visible in
the SERS spectra. The band at 1561 cm™ can be assigned to
the stretching vibration of the C=C double bond (Cs=Ce),"
which only appears with high intensity when Br is present at
CS. In U only a weak shoulder is present at this spectral
position.”* The intensity of the band at 1561 cm™" drops and is
completely vanished after about 2 h of irradiation. The same
applies to a band that appears as a shoulder around 1650 cm™
(see arrows in Figure 6a) and to a series of vibrational bands at
550—700 cm™', the intensity of which drops clearly upon
irradiation (Figure 6b). Especially the peak at 653 cm™
vanishes completely after 2 h of irradiation. It is assigned to
the v(C—Br) + 6(ring) combinational mode, which was
predicted by DFT calculations to be around 620 cm™ and
found at 615 cm™ in solid BrU.* The deformation mode of
the C—Br group is observable in BrU as a band at 290 cm™.
Similar to the cases described above, this band vanishes after
120 min of irradiation indicating the cleavage of the C—Br
bond.

Thus, in accordance with UV—vis spectra, the SERS spectra
indicate an effective cleavage of the C—Br bond while the BrU
ring fragmentation is much less pronounced than for U and T.
This agrees well with previous observations of LEE-induced
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decomposition of BrU measured in the gas phase. In DEA
measurements strong resonances were observed at energies
down to almost 0 eV associated with cleavage of the Br—C
bond, but the intensity of ring fragmentation products such as
CN~ was much lower than for the nonbrominated T and U.*
The SERS spectra confirm the predominant cleavage of the C—
Br bond according to eq 4, whereas the decomposition of the
ring structure of BrU is only a minor fragmentation channel in
the electron-induced decomposition. As a consequence, a U
radical is formed (eq 4), which most likely relaxes quickly in the
surrounding solvent, resulting in stable U molecules. In a
complete DNA strand the formation of a radical on the
nucleobase can lead to strand breakage, which explains the
previous observation that incorporation of BrU into DNA leads
to higher strand breakage upon LEE irradiation.”®

To check whether BrU is indeed converted to U, the SERS
spectra of irradiated and nonirradiated BrU are compared to
the SERS spectrum of U + KBr in Figure 6d. The spectrum of
irradiated BrU is indeed very similar to the one obtained from
U + KBr, especially because the bands at 1650, 1561, and 653
cm™" are missing and 1180 cm ™ is decreased. A transformation
of BrU into U also explains the shift of the 7—z* absorption
band in Figure Sc. However, a complete transformation of BrU
into U does not occur since some bands (e.g., at 1524, 1349,
and 1075 cm™) only appear in the BrU spectra and do not
vanish completely.

Another feature in the SERS spectra of BrU is the appearance
of a strong signal peaking below 200 cm™ upon irradiation,
which is mainly observable as a strong background signal. It is
assigned to the Ag—Br bond,** which is formed by intermediate
formation of Br™ and subsequent reaction with the AgNPs. This

DOI: 10.1021/acs jpcc.5b10564
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signal is a clear indicator for the presence of Br~, which is also
observable in the upper (violet) spectrum of Figure 6c.

B CONCLUSIONS

We have studied the decomposition of the nucleobases T, U,
and BrU in aqueous solution by plasmon excitation of AuNPs
using a nanosecond pulsed laser. The decomposition reactions
are observed by UV—vis absorption spectroscopy and SERS.
The SERS spectra reveal the formation of different CN
containing fragmentation products from T and U upon AuNP
laser irradiation indicating pronounced ring fragmentation. The
decomposition pathways of BrU are remarkably different
compared to T and U. A predominant C—Br cleavage has
been observed while decomposition of the aromatic ring
structure was found to be only a minor decomposition channel.
The cleavage of the C—Br bond is observable through the
intensity drop of characteristic SERS bands. At the same time
the generation of Br™ ions can be deduced from a shift of the
SPR band in UV-—vis absorption spectra. Furthermore, the
SERS spectra indicate a partial transformation of BrU into U.
The different behavior of T and U compared to BrU has
already been observed previously in dissociative electron
attachment to the respective compounds. Thus, the decom-
position of biomolecules upon plasmon excitation of AuNPs is
at least partly ascribed to the laser-induced formation of low-
energy electrons, which are then attached to the nucleobase
molecules to form negative ion resonances. These anionic states
can quickly dissociate to form the observed fragmentation
products. The effective cleavage of the C—Br bond in BrU
creates a U radical as an intermediate, which in the present
experiment results in stable U. In a DNA strand such a U
radical represents a precursor for DNA strand breakage. For the
first time we demonstrate that dissociative electron attachment
occurs also in aqueous solution in a similar way as predicted by
gas phase experiments.

B EXPERIMENTAL SECTION

Chemicals. Silver nitrate (AgNO,), HAuCl,, sodium citrate,
uracil, thymine, and S-bromouracil were purchased from Sigma-
Aldrich and dissolved in Millipore filtered water.

Preparation of Gold and Silver Nanoparticles. Citrate
reduced gold nanoparticles were produced by bringing 20 mL
of a 1 mM HAuCl, to boil and adding 2 mL of 1% sodium
citrate. After the color changed from pale yellow to deep red
the solution was boiled for 15 min more.

Silver nanoparticles were synthesized using the well-
established protocol of Lee and Meisel.”” Briefly 250 mL of a
1 mM AgNO; solution was heated up to rolling boil;
subsequently, 10 mL of 1% sodium citrate solution was
added and kept boiling for 1 h under rigorous stirring while
Millipore water was added to keep the volume constant.

When the concentration of the nanoparticles is given, it
refers to the concentration of silver or gold atoms as defined by
the concentration of the respective precursor. To increase the
concentration of the gold nanoparticles, 3.2 mL of the 1 mM
AuNP solution was centrifuged in multiple steps through a 100
kDa centrifugal filter at 4000g for 2 min. In order to reduce
Raman signals from the citrate capping and to avoid secondary
reactions during the laser irradiation, the AuNP solution was
washed several times with Millipore water. The concentration
of the nanoparticle solution after the washing procedure was
approximately 10 mM and was determined by the relative
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absorbance of the plasmon band from the UV—vis spectra
compared to the initial nanoparticle solution.

Laser Irradiation. 625 yL of the solution containing 2 mM
of the analyte and 2 mM of AuNP was placed in a glass cuvette
on a magnetic stir plate. The irradiation was performed using
the second harmonic of a Nd:YAG laser (wavelength 532 nm;
pulse width 3-S5 ns, intensity 67 mW (120 mW); repetition
rate 10 Hz; Minilite I, Continuum). The beam was focused
with a 30 mm lens on a 0.16 mm? spot on the surface to achieve
a laser fluence of 4 J/cm® For the UV—vis and SERS analysis
10 uL of the sample was extracted at each time interval.

UV—-Vis Measurements. The UV—vis spectra concerning
the preparation of the nanoparticles and during the laser
irradiation were performed with a Nanodrop 2000 (Thermo
scientific) and Jasco v650 photospectrometer. For the latter S
ML of the sample was diluted in 195 uL of Millipore water and
filled in a quartz cuvette with an optical path length of 1 cm.

Surface-Enhanced Raman Spectroscopy (SERS). All
Raman measurements were conducted with a Labram confocal
Raman microscope from Horiba (wavelength 633 nm; laser
power 9.4 mW) using a SO0X objective (Olympus) with a focal
length of 18 mm. A spectral range of 170—2440 cm™" was
chosen with typical integration times between 1 and 2 s
averaged over 10 accumulations.

As the plasmonic enhancement of metal nanoparticles
crucially depends on the particle size, the intensity and stability
of the Raman signal are drastically lowered with ongoing
irradiation of the AuNP solution. Therefore, 2 yL of the analyte
was mixed with 2 uL of AgNP solution to obtain strong and
reproducible SERS signals. The droplet was placed on a silicon
wafer that was surrounded by a bath of Millipore water to
reduce evaporation. The fluctuations of signal intensity with
irradiation time are ascribed to the dependence of SERS signal
intensity on many parameters such as the distance of analyte
molecules from the nanoparticles and their localization and
conformation within the hot spots of nanoparticle aggregates.
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Figure S1: UV-Vis absorption spectra of laser irradiated AuNP-Uracil solutions.
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Figure S2: Zoom-in into the spectral region 1100 cm™ — 1525 cm™! of the SERS spectra of T +
AuNPs. A weak, but clear new band arises at 1295 cm™ upon laser irradiation and is indicated by
the vertical line.
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Figure S3: High-resolution SERS spectra of U before and after laser irradiation.
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Photothermal therapy is a novel approach to destroy cancer cells by an increase of temperature due to
laser illumination of gold nanoparticles (GNPs) that are incorporated into the cells. Here, we study the
decomposition of DNA nucleobases via irradiation of gold nanoparticles with ns-laser pulses. The
kinetics of the adsorption and decomposition process is described by a theoretical model based on the
Langmuir assumptions and correlated with experimentally determined reaction rates revealing a strong
influence of the nucleobase specific adsorption. Beside the four nucleobases, their brominated analogs,
which are potential radiosensitizers in cancer therapy, are also investigated and show a significant
modification of the decomposition rates. The fastest decomposition rates are observed for adenine,
8-bromoadenine, 8-bromoguanine and 5-bromocytosine. These results are in good agreement with the
relative adsorption rates that are determined from the aggregation kinetics of the GNPs taking the effect
of an inhomogeneous surface into account. For adenine and its brominated analog, the decomposition
products are further analyzed by surface enhanced Raman scattering (SERS) indicating a strong
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Introduction

Gold nanoparticles (GNPs) have found versatile applications in
cancer therapy' such as drug delivery,” cancer diagnostics,’
radiosensitization in cancer radiation therapy™® and photothermal
therapy®® (PTT). In PTT, GNPs are transferred into the cancer
cells and illuminated with a near infrared (NIR) laser to pass
the therapeutic window.’ It has been shown previously that the
efficiency of PTT can be increased by using pulsed lasers
especially if the GNPs are located in the nucleus,'® where the
DNA is located. In various cancer therapies, the DNA is targeted
in order to cause the cell death by irreparable damage.'"**
Generally, to severely damage the DNA higher energetic photons
close to or beyond the ionization threshold of DNA are required,"
as DNA and its components are transparent in the visible and near
infrared spectrum of light and after excitation of the lowest n-n*
transition of the nucleobases in the UV region the electronic
ground state is rapidly restored.* However, tailored GNPs'® absorb
efficiently visible or NIR light due to excitation of their surface
plasmon resonance (SPR) that elevates the temperature of the GNPs

“ Institute of Chemistry — Physical Chemistry, University of Potsdam, Potsdam,
Germany. E-mail: ilko.bald@uni-potsdam.de

 BAM Federal Institute for Materials Research and Testing, Berlin, Germany
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fragmentation of the molecules into their smallest subunits.

and their surrounding through non-radiative relaxation channels.*®
Hence, pulsed laser irradiation of GNPs can destroy the DNA'""*®
and other important biomolecules like peptides' in their vicinity
by local heating effects.

During the illumination of the GNPs their surface temperature
rises up to several thousand K*° and around the particles a super-
critical layer** and high pressure nanobubbles* are formed above
certain laser intensities.”® Additionally, secondary reactive species
such as low energy electrons (LEEs) are generated>* that cleave
bonds in nearby molecules via dissociative attachment™® very
efficiently and selectively,”® but the range of the damage is
limited to the nanometer scale.

Some therapies aim at specific DNA sequences such as the
guanine (G) rich telomeres®”® that play an important role in the
emergence and therapy* of cancer. For the purpose of targeting
such sequences, the specific interaction between the individual DNA
components and the nanoparticles in terms of binding strength®***
and adsorption kinetics** needs to be studied. Furthermore, in order
to increase the DNA damage in cancerous tissue, radiosensitizing
agents like halogenated nucleobases can be incorporated into the
double helix,*® as they enhance the strand-break formation.>*** In
the present study, besides the four nucleobases, their brominated
analogs® are also examined with a special focus on adenine (A)***”
and the modified 8-bromoadenine®** (**'A). We hope that under-
standing the mechanisms underlying the interaction between GNPs
and DNA components and potential radiosensitizing agents might

This journal is © the Owner Societies 2017
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help to further improve PTT. Therefore, we analyze the decom-
position of nucleobase analogs on irradiated GNPs and com-
pare it with the nucleobase specific adsorption on the GNPs to
elucidate the underlying damage mechanisms.

Results and discussion

To study the decomposition of the GNPs, 2 ml of a 30 pM citrate
reduced GNP dispersion with a mean diameter of 40 nm was
irradiated in a quartz cuvette with the second harmonic of a
pulsed Nd:YAG laser (532 nm). Each laser pulse had an energy
of 16 mJ with a 5 ns pulse width and the laser spot diameter was
3 mm. Hence, the GNPs in the illuminated area (3.5% of the sample)
are exposed to a laser fluence of approximately 230 mJ cm ™2
After a certain number of pulses, the UV-Vis absorption spectra
of the GNPs were recorded and 2 pl of the sample were dried on a
plasma cleaned Si wafer to determine the size distribution of the
GNPs via atomic force microscopy (AFM). In Fig. 1a, the UV-Vis
absorption spectra are shown and reveal a decrease and a blue
shift of the SPR from 526 nm to 511 nm indicating a rapid
decrease of the nanoparticle size. The histograms of diameters of
the nanoparticles determined by AFM are shown in Fig. 1b-e
and Fig. S1 (ESIT) demonstrating the decrease in the size of the
GNPs and the formation of a bimodal distribution after exposure
of the GNPs to the first laser pulses. At the fluences used here,
electron ejection from the particles can be neglected,*® nevertheless
heating, melting and surface evaporation lead to a change in
the size distribution and morphology of the GNPs even at single
pulses.”** Up to an exposure to 100 pulses, which correlates
with an average exposure of 3 pulses per GNP according to
Poisson statistics, the absorbance above 600 nm significantly
increases most likely due to the formation of complex nano-
particle aggregates (Fig. 1).*™* With a higher number of pulses, the
absorbance of the sample in the red and near infrared wavelength
regime declines again and the SPR as well as the particle
size distribution barely changes above 500 pulses, whereby
hardly any GNPs with a diameter above 10 nm are observed.

View Article Online

PCCP

Therefore, we assume that the particle size distribution is
constant on the relevant timescales (i.e. 3-80 min) for the
subsequent experiment.

The addition of 20 uM *®'A to the GNP dispersion results in a
new band in the absorbance spectrum with a maximum located
at 271 nm caused by the m-m* transition of the nucleobase
analogue. As the absorption of *"A is superposed with the inter-
band transition of the GNPs in the UV region, the UV-Vis-spectra
are corrected by subtracting a spectrum of the pure GNPs irradiated
under the same experimental conditions for the subsequent
analysis as shown in Fig. S2 (ESIf). In Fig. 2a, the UV-Vis
absorption spectra of an ®®'A/GNP solution irradiated with a
certain number of pulses with a 10 Hz repetition rate are shown
and reveal, beside the changes in the SPR, a decrease of the
271 nm absorption band clearly indicating a decomposition of
the ®¥"A ring structure into smaller fragments. Single exocyclic
bond cleavages like the cleavage of the C-Br bond are unlikely
since the position of the maximum was not shifted. Fig. 2c
shows an exponential decay of the normalized absorbance that
corresponds to a (pseudo-) first order reaction.

In Fig. 3a the normalized absorbance at 271 nm is plotted against
the number of pulses at different initial GNP concentrations ranging
from 7.5 pM to 60 pM (corresponding to &syonm = 0.05-0.4),
while all other experimental parameters were kept constant.
The reaction rate of the decomposition of **"A clearly increases
with a higher concentration of the GNPs. However, when
keeping the GNP concentration constant but varying the initial
8BrA concentration from 8 uM to 32 uM, as shown in Fig. 3b, the
rate constant decreases with higher ®*"A concentration. This anti-
proportional dependence of the reaction rate is generally reported
for heterogeneous reactions following Langmuir-Hinshelwood
kinetics,*® where the adsorption of the reactant (here **"A) on
the catalyst (in this case the GNP surface”’) is in equilibrium and
the (photo-) reaction on the surface is the rate determining step.
However, Langmuir-Hinshelwood kinetics cannot be applied in
this case as the rate constant depends on the repetition rate of
the laser (as shown in Fig. 3c), and therefore on the incubation
time of the nucleobases on the gold surface between two pulses.
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Fig. 1 (a) UV-Vis spectra of 40 nm GNPs irradiated with 0 to 10 000 laser pulses. (b—e) Size distribution of irradiated GNPs after illumination with 0, 20,

1000 and 10 000 pulses, respectively.
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Fig. 2 (a) UV-Vis absorption spectra of 40 nm gold nanoparticles with 20 uM 88rA irradiated with different number of laser pulses. (b) Molecular structure
of 88"A. (c) Normalized adsorption of the 8%"A n—r* transition at 271 nm determined for the spectra shown in (a) plotted as a function of the laser pulses.

The red dotted line shows an exponential fit of the data.

Fig. 3 Normalized absorbance at 271 nm of an irradiated GNP ®¥"A solution plotted against the number of pulses at various initial concentrations of
GNPs (a), ®"A (b) and different laser repetition rates (c). Data are fitted with an exponential function (solid line).

The reciprocal dependence of the reaction rate on the initial
8BrA concentration and the comparably weak dependence on the
incubation time indicate that the equilibrium of the adsorption
of the reactant on the catalyst is not reached under these
conditions.

We assume that the reaction is divided into 3 reaction steps
(“*” denotes an adsorption site or the adsorbed state):

1. adsorption of the NBs on the GNPs: ®%A + » = 8Brpx

2. decomposition of the NBs due to the laser pulse *'A* + hy —
Prod

3. adsorption of decomposition products Prod + * = Prod*

Due to the extreme conditions on the GNP surface under
laser illumination, it is expected that all adsorbed molecules
decompose, hence the decomposition of a nucleobase (NB) is
given by:

dcnb

=0 6

deuls o

with ¢, being the concentration of the nucleobases in the

dispersion, c,q the concentration equivalent of the adsorbed

molecules, N,y is the number of laser pulses and
_ irradiated volume

total volume
The coverage of nucleobases on the GNP surface follows

Langmuir adsorption kinetics,"®*® as it is assumed that the

10798 | Phys. Chem. Chem. Phys., 2017, 19, 1079610803

total number of adsorption sites does not change due to the
irradiation of the GNPs and the surface is free of adsorbate
molecules directly after exposure to a laser pulse, because a catalyst
poisoning was not observed in the experiment. For the rate of
photoinduced decomposition of adsorbed molecules we can write:

dcad
d Npuls

= kad - (ch - Cad) — @ Cad,s )

where c.q is the concentration equivalent representing the
equilibrium adsorption and k,q4 is the adsorption constant with
respect to the number of pulses. It has to be mentioned that in
this case, the adsorption constant k,q depends on the repetition
rate of the laser f,
, kad
kad =kaa -7 = d‘vja (3)
/
since the adsorption between two laser pulses is described by
de, de, . . .

ad _ TCd 1, kaq’ is the adsorption constant with respect to
dems dr
time and t is the time between two pulses.

Eqn (2) can be rearranged as:

dcad

o)
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and via integration we obtain

) <ccq - (l +k£> . cud>
ad = kad N Npuls (5)

o\ In .
1+-— «
( k;\d)
Rearranging eqn (5) as c,q yields:

1

Cad = 7(?
I+-—
( kad)

Already after 100 pulses the exponential term can be neglected,
as ¢ ~ 0.035 and (kaq + @) > @, so:

“Ceq - (] — e*(’*’uaﬂﬂ)'Npuls) (6)

. 1
1 — ¢ kaat@)Npus _, | for — < Npuis @)
4

Hence eqn (6) simplifies to

1

Cad = 7{/)
1 +—>
< kad

Inserting eqn (8) into eqn (1) leads to:

Ceq (8)

anb 1

deu]s_ w<1+i>
kad

whereby the equilibrium concentration c.q is given by the
Langmuir isotherm, in which K, is the Langmuir coefficient
and cmay is the total number of adsorption sites. Taking into
account that the reaction products in the solution can also
adsorb competitively on the GNP surface, c.q can be written as:

Ceq) )

_ Cmax * KL - ¢nb ~ Cmax - KL - cnp
Ceq = = Y (10
(1 + K. 'Cnb+KL'Cp|~od) (1 + Ky 'cnb)

since the concentration of reaction products is given by
_ 0
Cprod = Cnb — Cnb (11)

and c9y, is the initial nucleobase concentration. When eqn (10)
is inserted into eqn (9), a pseudo-first order reaction equation is
obtained:

denb kad Cmax - KL

——p- . - Cnbs 12
deuls ¢ (kud+(p> (1+KL'C?|b) " ( )
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where the rate constant k
deqp
=—k-c 13
deuls NB ( )
is given by
k U <
k= ® ad . Cmax L (14)

' (kaa + @) (1 + KL - Cgb)'

The derived rate constant explains the major observations in
the decomposition of *®"A with laser irradiated GNPs namely
the exponential decay of the nucleobase concentration, the
linear dependence of the reaction rate on the GNPs that is
associated with the maximum number of adsorption sites ¢yax
and the proportional correlation on the reciprocal initial
concentration of the nucleobases. Beyond that, the reaction
rate decreases with the frequency like it was determined in the
experiment.

Calculations based on the theoretical model derived above
have been performed to establish the rate constants. As even for
thiolated DNA®*** the adsorption time is typically in the range
of hours due to the ligand exchange with the citrate capping,®*
the observed reaction rates cannot be explained using these
adsorption rates. Recent studies reveal a fast and a slow
adsorption process on GNPs attributed to adsorption on low-
and high-coordinated Au surface sites.”® Here, only the fast
adsorption process is taken into account, as on the one hand,
the adsorption time between two pulses is too short to observe
a relevant contribution of the slow process and on the other
hand, the diameter of the irradiated GNPs is smaller than
10 nm so the contribution from high-coordinated surface sites
can be neglected. Therefore, k,q' was set to 0.45 s~ to fit the
experimental data and a Langmuir constant K;, of 10 pM ™" was
chosen as a lower boundary, since the rate constant does not
change at higher values. Furthermore, a capacity for adsorption
of 800 pmol cm™? is used, which is slightly higher but still in
good agreement with experimentally determined values,>
together with a surface area of 55 cm? which is calculated
from the known concentration of gold atoms in the solution
and the size distribution of the nanoparticles after irradiation
specified by AFM. In Fig. 4a, the rate constants k determined
from the slopes in Fig. 3 are plotted together with the theore-
tical values obtained from eqn (14). The theoretical and experi-
mental data are in fairly good agreement; nevertheless at low

Ze10* ex1g?
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= Experiment ' *  Experiment . = Expesiment
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Fig. 4 Rate coefficients for the dissociation of ®A on 40 nm GNPs determined via an exponential fit of the data in Fig. 3 and calculated theoretically
using formula (14) plotted as a function of the initial GNP concentration (a), the inverse initial concentration of ®5"A (b) and laser repetition rate (c).
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8BrA concentrations the experimental values are lower than the
predicted ones.

In order to obtain more information about the dissociation
products surface enhanced Raman scattering (SERS) measure-
ments of A and *®"A have been performed. The SERS spectrum
of the A/GNP solution shown in Fig. 5 reveals the characteristic
SERS peaks of A with the intense ring-breathing mode located
at 735 cm . After irradiation with 3000 laser pulses the signal
intensity is significantly decreased mainly due to the lower
enhancement of the smaller GNPs. The ring breathing mode is
still clearly observable, but at 2140 em™" a broad new band
arises that is assigned to the CN stretching vibration. CN™ is a
common dissociation fragment in the interaction of A with low
energy electrons.®® The detection of fragments using SERS is
limited by the adsorption of the molecules on the nanoparticles
and the related signal enhancement,'® so the determination of a
full set of decomposition fragments is still part of ongoing research.
As ®®'A is highly reactive towards plasmonically generated
electrons,*® the laser power of the Raman microscope has to
be reduced in the Raman measurements to minimize this
effect. Before irradiation, the ring breathing mode of **'A is
located at 767 em™" and no transformation to A is observed.

E SJHE L L Ll M
= 4
[ ) 3000 pulses
) p 0 pulses
£ ] ——Adenine 3000 pulses
g l ——— Adenine 0 pulses 5x
E L o " J L
9
£
500 1000 1500 20"00 2500
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Fig. 5 Raman spectra of °®"A (red) and A (blue) before and after irradiation
with 3000 laser pulses. Peaks in the region between 1000 cm™*and 1600 cm™*
of the non-irradiated samples are partly assigned to the citrate capping of
the GNPs.
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Due to the pulsed laser illumination, a new band arises at 2140 cm *

and the ring breathing mode is still observable. A transformation

from ®"'A to A does not take place indicating that LEEs play a

minor role in the dissociation of **’A under laser irradiation at

these intensities (230 mJ cm?) and the fragmentation is due to
thermal decomposition on the nanoparticle surface.

Besides A and its analogs, the other canonical DNA nucleobases,
namely thymine (T), cytosine (C) and G, and their brominated forms
5-bromouracil (**'U), 5-bromocytosine (**'C) and 8-bromoguanine
(*™"G) have also been measured to study the nucleobase specificity of
the decomposition rate (Fig. 6a). Fig. 6b shows the rate constants
determined for the four nucleobases and their brominated analogs
at various laser repetition rates. For all studied molecules, the
reaction rate decreases with increasing laser frequency indicating
an influence of the adsorption on the decomposition in all cases. In
Fig. 6c, the reaction rates at 10 Hz are plotted for all molecules
revealing the highest rates for A and the brominated compounds
8BA) 88'G and *®'C. It is remarkable that the decomposition rate of A
decreases upon bromination, whereas k is higher for all other
brominated nucleobases compared with their non-modified form.
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Fig. 7 GNPs on Si imaged by AFM before (a) and after addition of 20 uM
8BrA (p) after illumination with 6000 laser pulses. (c—d) Size distribution of
the GNP samples imaged in (a and b).
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Fig. 6 (a) Molecular structures of A (dark red), ®®'A (light red), T (dark blue), U (light blue), C (dark green), **'C (light green), G (dark yellow) and %®'G
(light yellow). (b) Decomposition rate of nucleobase analogs plotted as a function of the laser repetition rate. (c) Reaction rate of the nucleobases at 10 Hz
(same data like (b)). G and ®5'G are marked with a star as the measurements were performed in a different environment.
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Fig. 8 (a) Absorption spectra of GNPs illuminated with 6000 laser pulses recorded directly after the addition of the analyte molecules. (b) Maximum of
the SPR determined from the spectra shown in (a). The guanine analogs are marked with a star as the measurements were performed in a different
environment. (c) Absorbance at 600 nm of irradiated GNPs after the addition of the nucleobases as a function of time.

In order to decide whether there indeed is a nucleobase
specific decomposition cross section or whether the different
decomposition rates are caused by the nucleobase specific
binding affinity to the GNPs, the formation of GNP aggregates
has been examined. This has been done because recent studies
showed that the aggregation kinetics of the GNPs is associated
with the binding strength of the NBs on the GNPs.>”*® Here, we
investigate whether the decomposition rates can be correlated
with the binding strength of the NBs on the GNPs* to work out
the contribution of adsorption to the apparent DNA damage.

20 uM *®"A were added to an irradiated GNP solution to form
aggregates and subsequently the nanoparticle sizes were determined
using AFM, as shown in Fig. 7. Before the addition of **A, mainly
particles with a diameter below 15 nm are observed, whereas the
presence of ®*"A leads to an aggregation of the GNPs that causes the
formation of GNP clusters with sizes up to 30 nm.

The aggregation of the GNPs is caused by the adsorption of
8BrA on their surface and the subsequent formation of hydrogen
bonds with **"A molecules on neighboring GNPs.>**° This
process was also followed by using UV-Vis absorption spectro-
scopy as the aggregation of GNPs leads to an increase and red
shift of the SPR.®* In Fig. 8a the SPRs of irradiated GNPs are
plotted before and directly after the addition of the different
nucleobases showing a distinct red-shift for all analyte mole-
cules. Even though the width of the SPR also varies, indicating
the generation of differently shaped nanoclusters depending on
the nucleobase, the shift of the SPR maximum is used as a
measure of aggregation. The maxima of the SPR are plotted in
Fig. 8b revealing a red shift for all eight molecules with the
strongest shifts for **'C, A and ®"A. The results for G and
88'G cannot be compared directly with those obtained for the
other nucleobases, as the measurements had to be performed
in dilute sodium hydroxide solution due to the poor water
solubility of both molecules. This influences the aggregation by
virtue of a higher ion concentration and the adsorption due to
the deprotonation of the nucleobases. However, for T, C and A
the SPR shifts correlate with the expected order of the binding
energies of the nucleobases on the GNPs: G > A > C > T.®
The deviation in adsorption for non-modified and brominated
nucleobases is probably due to different Hammett para-
meters.® If the decomposition rates of A, C and T are compared
with the SPR shifts of the GNPs, the main features correlate
with each other like high reaction rates and strongly red shifted
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SPR for A, *®"A and *®'C and low SPR shifts and reaction rates
for C, T, *P'U. Also, the difference between brominated and
non-modified nucleobases is reflected. Nevertheless the values
of the SPR shift for C and **"C are slightly higher than expected,
since the determined SPR of the GNPs does not exactly reflect
the aggregation state during the irradiation induced decom-
position. The absorption spectra are completed 2 minutes after
the addition of the nucleobases to the GNPs, while the relevant
timescale for the decomposition under laser illumination is
around 2 seconds.

In Fig. 8c, the absorbance at 600 nm of the GNP solutions is
plotted as a measure of the aggregation against the incubation
time, revealing a differing aggregation kinetics of the GNPs
depending on the added nucleobases with the strongest time
dependency for C. All these functions cannot be fitted by an
exponential decay function, but very well with a biexponential
decay function indicating a two-step adsorption process (see
Fig. S3 of the ESI{). Hence, it is important to differentiate
between the thermodynamic parameters determined from the
equilibrium state and the adsorption kinetics on a certain
timescale in order to estimate the amount of adsorbed mole-
cules on the nanoparticle surface.

Conclusion

We have probed the dissociation of non-modified and brominated
DNA nucleobases upon laser illumination of GNPs by using UV-Vis
absorption spectroscopy, revealing a (pseudo-) first order reaction.
It was demonstrated that the reaction rate depends on the initial
concentrations of the nucleobases and the GNPs as well as on the
laser repetition rate, which determines the incubation time of
the analyte molecules on the surface. These results are in good
agreement with the theoretically expected rate constants that are
calculated under the assumption that adsorbed molecules on
the nanoparticles decompose under irradiation and taking into
account that there is a faster adsorption at certain sites on the
nanoparticle surface. Among all tested molecules, A, *¥'A, **'G
and *®'C show the highest decomposition rate constants. The
adsorption of the nucleobases on the nanoparticles is investi-
gated by monitoring the SPR of the nanoparticles that reflects
the degree of aggregation, which is linked to the amount of
adsorbed molecules. It is shown that the aggregation of the
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GNPs due to the nucleobase adsorption is related to the decom-
position rate constants under laser irradiation and again a
strong impact of the inhomogeneity of the GNP surface on the
adsorption is determined. Furthermore, a strong influence of
bromination on the decomposition rate and adsorption behavior
of certain nucleobases is observed, which might help to target
and destroy distinct sequences in the DNA more effectively to
improve cancer therapy.

Experimental section

Chemicals

8BrA was purchased from Carbosynth Ltd. **'U, T, C, *®'C, G,
¥8'G and A were purchased from Sigma Aldrich. **'G and G were
dissolved in 10 mM NaOH aqueous solution and all other
components were dissolved in Millipore filtered water. Citrate
capped gold nanoparticles with nominal sizes of 40 nm and
60 nm were purchased from BBI and used as delivered.

Irradiation

A quartz cuvette containing 2 ml 20 uM NB solution and citrate
reduced 30 pM GNPs with an optical density of 0.2 at 520 nm
was illuminated with a Minilite I laser from Continuum
(532 nm, 16 mJ, 3-5 ns pulse length, 10 Hz) under rigorous
stirring. The diameter of the laser beam was determined to be

3 mm, hence, the energy density was approximately 230 mJ ecm 2

Spectroscopy and imaging

At certain time intervals, UV-Vis spectra were recorded using a
Jasco 650 photospectrometer. Furthermore, 2 pl of the sample
were removed and dried on an air plasma cleaned Si-chip. The
dried GNPs were imaged on an Agilent 5500 atomic force
microscope (AFM) using a Tap 150 cantilever in the tapping
mode and analyzed using the software Gwyddion 2.39.

In order to perform surface enhanced Raman scattering
(SERS) measurements, higher GNP concentrations are required
to obtain a sufficiently high signal enhancement and the citrate
capping has to be reduced to minimize its contribution to the
signal. Therefore, 60 nm GNPs were centrifuged for 10 min at
1000g and the supernatant was discarded. The residuum was
redissolved in Millipore water and the centrifugation was
repeated two more times. The Raman spectra of a 20 pl droplet
of the analyte solution positioned on a clean glass slide were
recorded using a Horiba Labram Raman microscope equipped
with a 9.1 mW 633 nm laser that was focused by a 60x Olympus
immersion objective. Data were processed using Origin 9.1 and
the background of all Raman spectra was subtracted using a
cubic spline fit.
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Figure S1: AFM images and size distribution of GNP with a nominal size of 40 nm dried on a Si-
substrate after irradiation with a certain number of laser pulses.
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Figure S2: Absorbance spectra of irradiated 8"A and GNP corrected by subtracting a spectrum of the
pure GNPs irradiated under the same experimental conditions. The features for wavelengths above

300 nm are caused by the aggregation of the nanoparticles.

. peise I 10 puises . 100 pulses
1 G pulses I I 20 puises I 200 pulses
104 I 50 puises 02 [ 500 pulses
064
0E
z | 2 | =
ig 0% F 04 z
Z 2 | i
g o4 & £
[N o 021 a
024 |
ool —. f— R ool _] e 0.0
] 1 2 L 4 5 0 2 H & [ 10 20 0]
Number of Pulses per NP Number of Pulses per NP Mumber of Pulses per NP

Figure S3: Poisson probability distribution of laser pulses that hit a GNP in the illuminated area.
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The excitation of localized surface plasmons in noble metal nanoparticles (NPs) results in different nano-
scale effects such as electric field enhancement, the generation of hot electrons and a temperature
increase close to the NP surface. These effects are typically exploited in diverse fields such as surface-
enhanced Raman scattering (SERS), NP catalysis and photothermal therapy (PTT). Halogenated nucleo-
bases are applied as radiosensitizers in conventional radiation cancer therapy due to their high reactivity
towards secondary electrons. Here, we use SERS to study the transformation of 8-bromoadenine (°5"A)
into adenine on the surface of Au and AgNPs upon irradiation with a low-power continuous wave laser at
532, 633 and 785 nm, respectively. The dissociation of %A is ascribed to a hot-electron transfer reaction
and the underlying kinetics are carefully explored. The reaction proceeds within seconds or even milli-
seconds. Similar dissociation reactions might also occur with other electrophilic molecules, which must
be considered in the interpretation of respective SERS spectra. Furthermore, we suggest that hot-electron
transfer induced dissociation of radiosensitizers such as ®%'A can be applied in the future in PTT to
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Introduction

Illumination of noble metal nanoparticles (NPs) with visible
light leads to resonant oscillations of the electron gas, which
are referred to as localized surface plasmons (LSP). In close
proximity to the metal surface the electric field of the incom-
ing and scattered light is highly enhanced by the LSP, which is
exploited in surface enhanced Raman scattering (SERS), as the
Raman scattering cross sections increase by several orders of
magnitude."”” LSP can relax inelastically via reemitting a
photon or through a non-radiative channel via electron hole
pair production.>* These so called “hot electrons” can tunnel
into unoccupied molecular orbitals of chemisorbed or physi-
sorbed molecules and induce chemical reactions®™ that can
be monitored in real time using SERS.'>**

Besides the direct electron transfer that is exploited in plas-
monic catalysis “hot electrons” lose their energy very quickly
via electron-electron scattering and subsequently via electron
phonon scattering, which increases the temperature of the
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enhance the damage of tumor tissue upon irradiation.

nanoparticles and their surroundings.’* In photothermal
therapy (PTT) the increased temperature around hollow
AuNPs"® or nanorods™ is used to kill cancer cells under illumi-
nation with NIR-lasers."*'® Based on the work presented here
we suggest that the combination of NPs with molecules in-
corporated in the DNA that strongly react with plasmon
induced electrons might improve the efficiency of this therapy.
Such potential radiosensitizers are halogenated nucleobases
like 8-bromoadenie (**'A) that strongly interact with low energy
electrons'’ ™ via dissociative electron attachment (DEA)*'
whereby a transient negative ion decays into anionic and
neutral fragments. This mechanism allows the damage of
DNA below the ionization threshold.?” Brominated nucleo-
bases that can be easily incorporated into the DNA possess a
high electron affinity and the C-Br-bond is easily cleaved
by attachment of electrons close to 0 eV.>*** The formation of
a radical inside the DNA leads to a strand break in a second
step”® and thus increases the single strand break cross
section.”®

Here we demonstrate the dissociative hot electron trans-
fer from plasmonically excited Au and AgNPs to **'A in a
dry and aqueous environment monitored in real time using
SERS. The reaction follows a fractal like kinetics and shows
a fast reaction rate, as under typical SERS settings the
majority of the analyte molecules are decomposed in a few
hundred milliseconds.
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Fig. 1 (a) Molecular structure of 8Bra; (b) schematic “hot electron” excitation in the silver nanoparticle with subsequent tunnelling into the LUMO of
the adsorbed ®®"A; (c) schematic potential energy diagram illustrating DEA to 55'A.

Results and discussion

LSP that are created via laser illumination of AgNPs can decay
non-radiatively by the formation of an electron hole pair,
whereby the electron is excited from the sp-conduction band
and has an energy between E¢ and E¢ + hv (Fig. 1):

hv + AgNP — e~ +h* (1)

On a time scale below 10 fs the excited electron loses its
energy via electron-electron scattering until the electron gas
approaches a Fermi-Dirac distribution.> These so called “hot
electrons” can tunnel into the lowest unoccupied molecular
orbital (LUMO) of adsorbed ®*'A molecules and form a transi-
ent negative ion (TNI).>' Beyond that the electron can be
directly injected into the LUMO via a coherent tunneling
process before the electron interacts with the electron gas.””*®
In both cases a relatively unstable **"A anion is formed that
can relax through the cleavage of the C8-Br bond."”**®

SBrpA e — SBIATT L A" 4 Bro

2)

In the present experiment a AgNP solution with adsorbed
8BrA was dried on a Si wafer and SERS spectra were recorded as
a function of the illumination time using a 532 nm laser with
250 pW focused on a 10 um diameter spot. For a relatively
short time of around 1 s Raman spectra were recorded with a
band structure that is clearly assigned to *®"A (Fig. 2a). The
most remarkable bands are the ring breathing mode at
767 cm™' and the C-Br bending- and stretching-mode at
299 em™ and 575 em™?, respectively. With ongoing illumina-
tion, these bands are significantly decreasing in their intensity
while simultaneously new bands arise at 336 cm™, 629 cm™,

RN

Intensity (Hz)

:

o

Wavenumber {em”)

Wavenumbar (cm’')

735 em™!, 967 em™', 1267 cm™!, 1329 cm™!, 1409 cm™?,
1465 cm™* and 1575 cm ™" (indicated by a grey background in
Fig. 2) that can be assigned to the SERS-spectrum of adenine
(A).>° This indicates that the C-Br bond of the adsorbed **'A
ruptures during laser irradiation most likely due to the disso-
ciative attachment of an additional electron according to eqn
(2). By capture of an H radical from the environment A is
formed on the nanoparticle surface. A similar reaction has pre-
viously been demonstrated already with uracil.** The trans-
formation from ®®"A to A can be tracked by the intensity of the
ring breathing mode at 735 cm™ and 767 em™" (Fig. 2c).

The rate of the reaction depends on the concentration of
%BTA and the concentration of “hot electrons” in the illumi-
nated area:

Rate = —k [**'A] [e7]

3)

However, it is difficult to monitor both concentrations
simultaneously, in particular the number of hot electrons
remains unknown. During continuous laser irradiation, a con-
stant equilibrium concentration of “hot electrons” can be
assumed as they are frequently reproduced and their time-
scales for excitation and relaxation are several orders of magni-
tude shorter than the timescales of the DEA reaction. Hence
pseudo first-order kinetics is assumed to determine the
observed rate coefficient ks of the dissociation of ®*’A:

SBrA]
[SBIA]

: (4)

1
kobs =—-In
¢ t

In Fig. 3a kops is plotted against time ¢, which demonstrates
that the rate coefficient is not constant as expected for a
(pseudo-) first order reaction, but decreases in time. This is

o

Intensity (Hz)

2000 0 50 100 150

o 1wn 1
Time (s)

1

Fig. 2 (a) SERS spectra of 8B'A on AgNPs dried on a Si-substrate for different illumination times. The Si band from the substrate at 521 cm™ is
marked with a *. (b) Difference spectra of t = 1 s and t = 130 s (same data set like in a). (c) Intensity of ring-breathing mode of %A at 767 cm™ vs.

ring breathing mode of A at 735 cm™.
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Fig. 3 (a) Observed rate coefficient plotted against illumination time
shows a power law dependence with h = 0.34 + 0.01. (b) Light
microscopy image of a dried AgNP sample on Si reveals a fractal struc-
ture of aggregated AgNPs.

attributed to the inhomogeneous distribution of reaction sites
on the surface giving rise to a broad range of signal intensities
and thus rate constants. In close proximity to the noble metal
surface the electric field of the incoming and scattered light
is strongly increased due to its interaction with the LSP,
which strongly depends on the arrangement and structure
of the nanoparticles. This electromagnetic enhancement
increases the intensity of the Raman signal (I;) by some orders
of magnitude:"

L=ag" I

()

where a is the Raman scattering cross section, g; is the electro-
magnetic enhancement factor of a specific reaction site and I,
is the incoming laser power. The detected Raman signal is the
sum of all signals from all molecules in the focused area:
Isgrs = ZQ‘(XJ) (6)

J

When assuming that the concentration of hot electrons at a
certain position is in coherence with the magnitude of LSP,
the local reaction rate correlates with the electromagnetic
enhancement in the “hotspot”. Hence the **’A molecules that
experience the strongest signal enhancement have the highest
decomposition probability. Thus, the reaction centers with
the highest rates only contribute in the beginning to the
overall reaction, and consequently the observed reaction rate
decreases with time.

This time dependence can be characterized by fractal-like
kinetics,*® which describes heterogeneous reactions with geo-
metrical constraints like hot electron catalyzed reactions,*’
with a time dependent rate coefficient:

kobs =ki-t™"0 < h < 1,t > 1,

@)

where £ is the fractal dimension of the system, ¢ is the time/1 s
and k, is the rate coefficient at ¢ = 1.

According to eqn (4) kops strongly depends on the starting
intensity of the **'A signal that rapidly decreases during the
first integration time. Assuming that the Raman enhancement
factors of ®®"A and A are equivalent the sum of the intensities
at 735 cm™" and 767 cm™" was used to determine the starting
intensity of the 767 cm™" peak.

This journal is © The Royal Society of Chemistry 2017
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20 measurements on the same sample at different positions
have been performed and /# was determined to be & = 0.36 +
0.09, which indicates a 2-dimensional fractal lattice, for which
h = 0.33.°° Fig. 3a shows one of these measurements. The
determined fractal dimension is in accordance with the fractal
shape of the nanoparticle aggregates, which were observed in
the bright field images (Fig. 3b) and described previously.****
It has to be mentioned that the standard deviation of 4 is
larger than the error of & determined from the power law
fit, as the composition of aggregates may vary on different
positions of the sample.

Since k; and & are not independent fitting parameters,
h was set to 0.33 to avoid artifacts in the subsequent analysis.
The rate constant k; was determined as a function of the inci-
dent laser power P and fitted with a power function (see
Fig. 4a):

ky=a-pP? (8)

The linear correlation between k; and P with b = 0.92 + 0.09
indicates a one photon process that is characteristic for hot
electron induced reactions. For (partly) thermally induced
reactions a super-linear power law dependence® would be
expected due to the exponential dependence of the reaction
rate on temperature according to the Arrhenius equation. This
conclusion is valid as long as the temperature on the AgNPs
rises linearly with the incident laser power."> Beyond that a
direct photoexcitation is also unlikely for low photon fluences
(10*>-10* W cm™?), because the HOMO-LUMO gap is about
5.3 eV according to ab initio calculations performed at
the MP2/aug-cc-pVDZ level of theory.>* Therefore at least
3 photons with 2.33 eV (532 nm) are required to overcome the
HOMO-LUMO gap.

We have also studied the transformation from **'A to A on
a nanoparticle surface for 633 nm and 785 nm laser wave-
length as well as on gold nanoparticles (AuNPs). In all cases a
linear dependence on the laser power was observed (Fig. S3 in
the ESIt and Fig. 4a). This is remarkable as the work functions
of AgNPs (4.3 eV) and AuNPs (5.1 eV) are well above the
photon energy of 1.61 eV (785 nm). This supports the model of
dissociative electron transfer into the low lying LUMO of *'A.
Normalizing k; by the laser power reveals that the reaction rate
increases with photon energy and is lower on AuNPs compared

Z

—AGHP

2o o AP
oo 3
3 H
- toa
ooz 1’——-\__‘_‘_‘_! §
£ | _
00— = = T
01 %00 550 600 650 700 750 60O

P&'Ilmw:' . Waveldength (nm)

Fig. 4 (a) Rate constant k; as a function of the incident laser power
fitted by a power law function (ky = a-Piace” With b = 0.92 + 0.09).
(b) Rate constant normalized by laser intensity for 88rA dissociation on
AgNPs (black) and AuNPs (red) for different laser wavelength and typical
dark field spectra of aggregated NPs (grey and light red).
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Fig. 5 (a) SERS spectra of ®®'A on AgNPs in aqueous solution taken
after different illumination times, irradiated with 785 nm with a power of
5.1 mW. The Si-band is marked with a *. (b) Ratio between ®%'A ring
breathing mode at 764 cm™ and A ring breathing mode at 734 cm ™t as a
function of the illumination time (same data as in a).

to AgNPs (see Fig. 4b) most probably due to the increased
plasmonic enhancement on the AgNPs. We have recorded dark
field scattering spectra on several spots of the sample, which
show a broad surface plasmon resonance (SPR) ranging from
around 400 nm for AgNPs and 500 nm for AuNPs to 700 nm.
In particular for the near infrared photons with 785 nm wave-
length, where the plasmonic enhancement is relatively weak,
the SPR does not directly correspond to the normalized k,,
even though the major trends are reflected. This might be
explained by a resonant direct electron transfer into the
adsorbed *®"A. Nevertheless, on the basis of the present data it
is not possible to say whether the reaction is dominated by a
coherent tunnelling process or by Fermi-Dirac distributed
electrons scattering into the molecular orbitals of the *®'A
molecule. In order to study the influence of the environment
additional measurements have been performed in water using
a 785 nm laser with 5.1 mW. Already after less than 400 ms
more than half of the **"A in the relevant hotspots are disso-
ciated (see Fig. 5). In solution it is difficult to determine accu-
rate rate constants as the photoproduct is diffusing out of the
focused area, hence the observed reaction rates represent only
an infimum of the real reaction rate. In an aqueous environ-
ment the electron tunneling is much more favorable as
the tunneling barrier is lowered by 0.8 eV.>* Therefore, an
increased speed of reaction is expected as compared to dry
samples.

Conclusions

We demonstrate a dissociative electron transfer from laser illu-
minated noble metal nanoparticles to the potential DNA radio-
sensitizer **"A dried on a Si substrate as well as in solution.
The reaction is described with fractal like kinetics. The
observed interaction between the nanoparticles and **"A might
help to improve photothermal cancer therapy. As the utilized
substrate as well as the applied laser settings in this experiment
were typical of SERS measurements, the plasmonically catalysed
reaction can cause problems in the analysis of the Raman
spectra, because the probe laser for the spectral analysis is the
same that induces the decomposition of the analyte. As the time
scale of the reaction is equivalent or faster than the typical

1954 | Nanoscale, 2017, 9, 1951-1955
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accumulation time, one has to distinguish carefully between the
SERS spectrum of the analyte molecule and its photoproducts.
This should be done especially for molecules containing electro-
philic groups such as halogens®**” or nitro groups,*® which are
known to decompose easily as a consequence of their inter-
action with “hot electrons”.

Experimental section
Chemicals

8B'A was purchased from Carbosynth Ltd (UK) and A, silver
nitrate and sodium citrate were purchased from Sigma Aldrich
(Germany). All chemicals were diluted in Millipore water and
used without further purifications. Gold nanoparticles with a
diameter of 40 nm were purchased from BBI solutions.

Silver nanoparticle preparation

AgNPs were prepared by the well-known procedure of Lee and
Meisel.* Briefly, 50 ml of 1 mM AgNO; solution were brought
to a rolling boil and 5 ml 38.8 mM trisodiumcitrate were
added while the boiling was continued for 1 h under rigorous
stirring. The produced AgNPs are 36 = 10 nm in diameter and
show an extinction maximum at 413 nm. The size distribution
was determined by atomic force microscopy (AFM) using a
Nanosurf Flex AFM equipped with a Tap150-Al-G cantilever in
the tapping mode and image processing was performed with
Gwyddeon 2.39 software. The UV-Vis-spectra were recorded
using a Nanodrop 2000 of Thermo scientific.

Surface enhanced Raman spectroscopy

In order to prepare the samples for the Raman measurements
100 pl of a 50 uM ®¥'A solution were incubated for 2 h in
400 pl of the AgNP solution. Subsequently the dispersion was
centrifuged and the residue was diluted in Millipore water two
times. After a final centrifugation step a 2 pl droplet of the
nanoparticle solution was dried on an oxygen plasma cleaned
Si wafer. For the measurements in a liquid environment a 4 pl
droplet was placed on a Si wafer that was surrounded by a bath
of Millipore water to reduce the evaporation of the droplet.
The Raman spectra were recorded using a Witec alpha 300
Raman-microscope with a 532 nm and a 785 nm laser and a
Horiba Labram Raman-microscope with a 633 nm laser. The
laser power was varied in the range from 50 uW to 50 mW and
focused with a 10x objective on the sample. Scattering spectra
of the sample were obtained using the Witec alpha 300 dark
field unit with a 50x HD objective from Zeiss. Data analysis
and processing were performed with Origin 9.1 software.
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Figure S1: Raman spectra of 8A and A powder taken with a 785 nm laser.

NRS SERS Description! NRS SERS Description 2

8BrA 8BTA Adenine | Adenine

79 102

93 128

151 331 337 A(C6-C5-N7) - A(N1-C6-N6) + A(N3-
C4-N9)

196 538 A(N1-C6-C5) + A(C2-N3-C4)

220w 562 565 M(N1-C2-N3) + y(C2-H) - y(C8-H)

296 299 (C4-C5), y(C8-Br), T(Pyr ring) | 624 628 A(C4-C5-N7) - B(C4-N9-C8) + A (N1-
C6-N6)
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344 357 A(C6-N10), v(C8-Br), 6(C8- 725 735 Pyr + Im ring breathing
Br), a(Im ring)
371 777 w(NH2)
545 568 &8(Pyr Ring), 5(C8-Br), 5(C6- | 900 916 A(N1-C2-N3) + A(C8-N9-C5)
N10)
594 7(Pyr Ring), T(Im Ring), y(C6- | 944 968 A(N7-C8-N9); y(N9-H)
N10)
628 635 &(Im Ring), 8(Pyr Ring), v(C5- | 1026 1043 t(NH2); v(C6-N1)
C6)

755 767 Pyr + Im ring breathing 1082 1080

892 8(Pyr Ring), v(C5-N7) 1127 1121 8(C8-H); v(C3-N3) + v(C4-N9) - v(C5-
C6) - v(C5-N7)

982 984 r(NH2), v(C6-N1), v(C2-N1) | 1164 1174 5(C8-H) - 6(N9-H); v(C8-N9) + (C5-
N7) - v(C4-N9) - v(C4-N3) - v(C2-N3)

1040 1032 v(C8-N9), 5(N9-H), v(C4-N9) | 1250 1267 8(C8-H) + 6(N9-H); v(C2-N3) + v(C8-
N7) + v(C2-N1) - v(C5-N7) - v(C4-N9)

1146w | 1150 8(N9-H), v(C4-N3), 5(Im 1310 8(C2-H); v(C2-N3) + v(C5-N7) - v(C8-

ring), v(C4-N9) N7) - v(C4-N9)

1205w 1334 1329 8(C2-H); v(C2-N3) + v (C5-N7) - v(C8-
N7) - v(C4-N9)

1255 1246 v(C5-N7), r(NH2), v(C2-N3), | 1374 8(N9-H); 5(C8-H); v(C8-N9) + v(C4-

v(C2-N1) C5) +v(C2-N3) + v(C6-N1) - v(C5-C6)
-v(C2-N1) - v(C4-N3) - v(C8-N7)

1294 v(C2-N3), v(C5-N7) 1421 1410 v(C4-N9) + v(C8-N7) + v(C6-N1) -
v(C4-C5) - v(C4-N3) - v(C8-N9)

1330 1332 8§(C2-H), v(C6-N10), v(C8- 1465 1465 8(N9-H) - 5(C8-H) + 6(C2-H); v(C8-

N9), v(C2-N1) N9) + v(C2-N1) + v(C6-N1) - v(C2-N3)
- v(C8-N7) - v(C6-N6)

1447 1432 v(C8-N7) 1614w 1597 a(NH2); 8(N9-H); v(C4-C5) + v(C2-
N1) - v(C5-C6) - v(C6-N1) - v(C4-N3) -
v(C2-N3)

1488 1464 8(C2-H), v(C6-N1), v(C6-

N10), 5(NH2)
1520 1552 A(NH2), v(C4-C5), v(C5-C6)

Table 1: Assignment NRS bands of A and 88 A observed in the present experiment and comparison to
values reported previously. w: wagging; 6: in-plane deformation; A: in-plane ring deformation of skeletal
atoms; y: out-of-plane deformation; I': out-of-plane ring deformation of skeletal atoms; a: scissoring; t:
torsion; t: twisting; v: stretching; r: rocking; Pyr: pyrimidine; Im: Imidazol. Atoms are labeled according to

Fig. 1a.
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Figure S2: a) AFM image of AgNP, b) Size distribution of AgNP, c) UV-Vis-Absorbtion spectra of AgNP, d)
AFM image of AuNP, e) Size distribution of AgNP, f) UV-Vis-Absorbtion spectra of AgNP.
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Figure S3: Rate constant k; as a function of the incident laser power fitted by a power law function a)
AgNP with 633 nm laser, b) AuNP with 633 nm laser, c) AgNP with785 nm laser, d) AuNP with 785 nm

laser.

Laser wavelength AgNP AuNP

532 0.92 +0.09

633 0.85+0.14 0.82+0.24
785 0.94 + 0.06 1.02+£0.31

Table 2: Power law exponents determined for k; = a-Pb.
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Decrease (cm™) Increase (cm™)
299 337
575 392
767 628
1387 681
1433 735
1500 968
1525 1043
1620 1080

1121
1174
1223
1267
1329
1410
1465
1516
1538
1575
1597

Table 3: Increasing and decreasing Raman bands of 88'A on AgNP under irradiation with a 532 nm laser.

1Y.-L. Chen, D.-Y. Wu and Z.-Q. Tian, J. Phys. Chem. A, 2016, 120, 4049-4058.
2R. P. Lopes, R. Valero, J. Tomkinson, M. P. M. Marques and L. A. E. Batista de Carvalho, New J. Chem.,
2013, 37, 2691.
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Discussion

Along the track of ionizing radiation LEEs are generated in large quantities
and interact with biomolecules like the DNA [193]. In combined chemo-
radiation therapy the radiosensitizing action of certain agents can be at
least partly assigned to their interaction with these secondary electrons
[194]. Typically strong cytotoxic chemotherapeutic agents are applied as
radiosensitizers [6]. However, in principle such radiosensitizers do not re-
quire further therapeutic action, so that also less toxic compounds could
be applied for this purpose. P'U was a promising candidate that matches
these requirements, but in a clinical phase 3 study no increased survival rate
in comparison to the control group was observed [195]. In clinical practice,
the number of radiosensitizers is still very limited [I96]. Thus, new insights
in interaction of potential radiosensitizing molecules with LEEs might help
in the development of future therapeutics.

In this section, DEA experiments with the potential radiosensitizer 88TA in
the gas phase are presented. The resonance energies of all observed anions
were determined in the region between 0 eV and 9 eV. Furthermore, the
energy dependency of the SSB cross section for ®¥'A modified and unmod-
ified oligonucleotides was studied with DNA origami nanostructures. All
these experiments were performed under UHV conditions, however, there is
a strong influence of the aqueous environment on the DEA [19]. Therefore
pulsed laser irradiated AuNPs were tested as a nanoscale electron source
to study DEA in liquids in a proof of principle experiment for three NBs.
Beside the electron induced reactions also a variety of thermal and photo
induced reactions can occur in the vicinity of the illuminated AuNPs. In
consequence, the influence of thermal decomposition of all four native NBs
and their brominated analogues in AuNPs solutions was studied and the
effect of the adsorption kinetics was revealed. Pulsed as well as cw laser il-
luminated nanoparticles are also applied in PTT to kill cancer cells, whereas
the focus in this therapy lies on the thermal effects of the system [14]. The
role of LEEs and in consequence the application of electrophilic radiosensi-
tizers in PTT were not taken in account so far. Thus, finally the plasmon
mediated dissociative electron transfer to 8B*A under low cw laser illumina-
tion of noble metal nanoparticles is presented.
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CHAPTER 5. DISCUSSION

5.1 Electron induced reactions of 8-bromoadenine

In order to evaluate the potential of 8B'A as a possible radiosensitizer, the
interaction with LEEs was studied for the free molecule in the gas phase. In
M1 and M2 DEA to 3B*A was performed for electron energies between 0 eV
and 9 eV in a crossed-electron molecular beam setup. In Figure a) the
recorded negative ion mass spectra at electron energies of 0 eV, 1 eV and
6 eV are shown.

o
-

80

—(®A-H) 212 Da

lon Yield (Hz)
lon Yield (Hz)

50 100 150 200

d e f

Electron energy (eV)

—Br 79 Da
6000

3000
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o z H 5 [
Electron energy (V) Electran energy (eV) Electron energy (eV)

o 1 2

Figure 5.1: a) Negative ion mass spectra of 83'A for electron energies of
0 eV (black), 1 eV (red) and 6 eV (blue). b)- f) Energy spectra of the anionic
fragments with a charge to mass ratio of 213 Da, 212 Da, 79 Da, 65 Da and
26 Da generated by DEA to 3BTA .

At 0 eV the highest total ion yield was measured and the most abundant
ion was Br~ with molecular masses of 79 Da and 81 Da. Additionally, also
debrominated 8BTA with a mass of 134 Da and the (33*A — Br — H)~ anion
were detected with a high yield. Remarkably the formation of a stable parent
anion with molecular masses at 213 Da and 215 Da was observed with high
intensity. The signal of all further fragments is more than two orders of
magnitude lower. At an electron energy of 1 eV the total yield is decreased
and instead of the parent anion new peaks at 212 Da and 214 Da arise,
which are assigned to the dehydrogenated 8BA. Electrons with an energy
of 6 eV usually access core excited resonances. At this electron energy a
variety of fragments was observed. The formation of most of these anions
requires multiple bond cleavages. However, the ion yield dropped by more
than two orders of magnitude compared to the electron attachment at lower
energies. In figure b)- f) energy spectra of some important fragments
are shown and the DEA resonances of all fragments are listed in table
The parent anion presented in figure b) is formed in a single resonance
at 0 eV. For all non-modified bases such an anion was not observed in the
gas phase. Calculations by Iwona Dabkowska presented in M1 demonstrate
that the stability of the parent anion can be explained by the formation of a
[Br~ .- (®¥TA — Br)] complex. The energy spectra of the dehydrogentated
parent anion is shown in figure c). In DEA to A the loss of a single
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H-atom is the most abundant dissociation pathway [72]. The resonances
for the abstraction of an H-atom from 8BTA are shifted by 0.3 eV to lower
energies compared to A [72]. The most abundant fragment is the Br™ - ion.
It is formed in three resonances at 0 eV, 0.35 eV and 1.1 eV (see figure
d)), which are most likely shape- or vibrational Feshbach resonances.
However, even far away from these resonances, Br™ is still the most intense
fragment. The Br™ ion can be typically formed by the cleavage of the C-Br
bond generating an adenyl radical. Such NB radicals are assumed to be an
important precursor in the formation of DNA SSBs [97]. Nevertheless, a
competitive reaction channel for adenyl radicals in DNA is the formation of
5’desoxy 8,5’cycloadenosine, which does not lead to a SB [102]. In figure
e) the fragment with a mass of 65 Da is shown, which is formed in a core
exited resonance located at 5 eV. Compared to the equivalent anion formed
in the DEA to A the signal is shifted by 0.8 eV towards lower energies
[72]. The generation of this anion, which is assigned to the debrominated
imidazole ring, requires the cleavage of multiple bonds. The fragment with a
mass of 26 Da is assigned to CN™ and formed by several resonances located
at 2 eV, 5.8 eV and 7.1 eV. CN™ is an important fragmentation product in
the DEA to organic molecules and can be formed with high energy selectivity
[71]. Compared to the DEA to A the resonances at lower energies are more
pronounced [72].

Table 5.1: DEA resonances 88T A

Molecular mass Ion

26 Da CN™ 0 2 58 71
65 Da, C3NoH™ 5
79 Da Br- 0 0.35 1.05

90 Da CyNg 2.3 5.2
92 Da CyNaHy 5.1
105 Da CyN,H™ 5.7
106 Da C,N,Hy 2.2 5.1
133 Da CsNzHs 0 0.35 1.15

134 Da CsNsH, 0 0.35 1.1

212 Da, CsNH3Br™ | 0.05 0.78 1.02

213 Da CsNsH,Br | 0

In a further experiment presented in M2 the LEEs induced damage to
8Br A containing DNA oligonucleotides was studied in the condensed phase.
Thereby, the formation of DNA SBs as a function of the electron dose and
energy was examined by using DNA origami structures. As target strands
a Bt labeled TT(33"dATA)3TT sequence and the native TT(ATA)3TT se-
quence were used. The DNA origami were irradiated with defined doses of
LEEs with an energy ranging from 0.5 eV to 9 eV. In order to detect the SB
yield SAv was bound to the Bt group of the intact strands and visualized
by AFM as shown in figure a) and b).

In this way the SB cross section ogp can be determined from the dose
response curves [55]. In figure c) osp is plotted as a function of the
incident electron energy. For all energies the SB cross section is higher for
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a Control c

——TT(ATA),TT
1 —=TT(*ATA),TT

b

Figure 5.2: a) Non irradiated control sample after the addition of SAv to
mark the intact strands. b) Sample irradiated with 7 eV electrons with an
electron fluence of 0.53 - 10®cm™2. ¢) Strand break cross section of 8BrA
modified strand and its unmodified equivalent as a function of the incident
electron energy. d) SB enhancement factors as a function of the electron
energy calculated from the cross sections presented in c).

the 8BrA containing DNA sequence. Both DNA sequences show a maximum
of the SB cross section at 7 eV. In this energy region all DNA subunits
exhibit several core excited resonances [37]. Especially the cleavage of the
C-0O and P-O bond in the sugar phosphate backbone need to be mentioned
in this context, which is equivalent to a DNA SSB, even though its overall
intensity is relatively low [78, [79]. At energies below 2 eV the SB cross
section is comparably low, which is unexpected as in this energy region the
C-Br cleavage exhibits the strongest resonances. This indicates that the
resonances at low energies are suppressed when 8P'A is incorporated in the
DNA strand or the formation of the adenyl radical does not consequently
lead to the formation of a SSB. Alternatively it cannot be excluded that the
LEEs partly lose their energy to the surrounding in a two center process
before they are captured by the 8BTA [197]. In figure d) the SB enhance-
ment factor is plotted revealing an average enhancement of 1.9 + 0.6 due
to the sensitization of the target strand with one 8B"A molecule. This is
one of the highest SB enhancement factors reported so far for halogenated

oligonucleotides [61], 13}, [198].

5.2 Gold nanoparticles as a source of heat and
electrons

The previous experiments were performed under UHV conditions. However,
there is strong influence of the aqueous environment on DEA [19] 64 65].
The main constituent of biological tissue is water, which limits the mean
free path of electrons to a nanometer scale. Hence, it would be desirable to
perform DEA experiments with a nanoscale electron source in the vicinity of
the analyte molecule. A promising candidate for such an electron source are
AuNPs irradiated with short laser pulses to generate electrons via thermionic
emission. In M3 and M4 the decomposition of NBs induced by AuNPs un-
der illumination with ns laser pulses was studied. In M3 a focused laser
beam was used to obtain high laser intensities generating LEEs due to the
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high temperatures of the electron gas. The intention of this manuscript
was to demonstrate a proof of principle for the possible electron induced
decomposition three NBs (U, T and °®'U) in an aqueous environment and
the spectroscopically identification of the reaction products. However, it
needs to be taken into account that molecules close to the AulNPs can also
be decomposed due to the high temperatures in proximity of the particles.
Therefore the thermal decomposition of NBs triggered by laser irradiation of
AuNPs was intensively studied in M4. In this study more defined conditions
were chosen. The utilization of an unfocused laser beam and a low concen-
tration of AulNPs allows the precise determination of the laser intensity and
the irradiated volume. The intensity was set to 7 - 101*W /ecm?, at which the
influence of thermionically emitted electrons can be neglected [145]. Never-
theless, under theses conditions the temperature of the AuNPs can exceed
their boiling point (1337 K). Consequently the AuNPs decompose by ther-
mal evaporation into smaller particles. This process was monitored with
AFM and UV-Vis absorption spectroscopy. The absorption spectra of the
illuminated AulNPs show a decreased and blue shifted SP resonance indi-
cating the AuNPs fragmentation (see figure b)). As only a single laser
pulse is required to decompose the nanoparticles, the size distribution does
not change significantly after the first several hundred pulses. In this way
relatively constant conditions can be assumed during the period of the ex-
periment. The NBs strongly absorb UV light due to their 7 — 7* transition
located between 259 nm and 276 nm depending on the NB. By observation
of the corresponding absorption band the integrity of the ring structure can
be detected (see figure b)).

By plotting the intensity of the m — #* transition as a function of the
number of pulses Npys the decomposition kinetics was studied (see figure
). The exponential decrease of the band indicates that the reaction
follows first order kinetics, so the rate constant could be determined from
the exponential fit. In figure[5.3|d) it is shown that the rate constant for the
decomposition of 8B*A depends on the repetition rate of the laser. The time
between two pulses defines the incubation time of the NB analogues on the
AuNPs, making an effect of the adsorption kinetics on the decomposition
rate likely. Therefore, the experimentally determined reaction rates where
compared with calculated reaction rates. The calculations are based on the
assumptions that the adsorption follows Langmuir kinetics and all adsorbed
NBs are decomposed during the irradiation leaving behind an adsorbate free
surface, as no catalyst poisoning was observed. The differential equation for
the concentration of the NBs ¢yp under these conditions is:

denp
=—k- 5.1
dNPuls NEB ( )
The rate constant k given by:
k - K
k=1 ad Cmaz L (52)

kaa +9 1+ Kp-& 4

where 9 is the fraction of the solution that is illuminated during one
laser pulse, k.4 is the adsorption rate with respect to Np,;s that depends on
the laser repetition rate, ¢;q. is the total number of adsorption sites on the
AuNPs, Ky is the equilibrium constant and c?v p 1s the initial concentration
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Figure 5.3: a) Molecular structures of A, 88"A, T, °BrU, C, °B"C, G and
8BrG. b) UV-Vis absorption spectra of 8'A and AuNPs illuminated with
ns laser pulses. ¢) Normalized intensity of the m — 7* absorption band at
271 nm as a function of the laser pulses plotted with an exponential decay
function. d) Experimentally determined and calculated rate constants as a
function of the laser repetition rate. e) Rate constants of NB analogues as a
function of the laser repetition rate. f) Rate constant k at 10 Hz (same data
like in e)). The values for G and 3G are marked with a *, since these NBs
were dissolved in diluted NaOH instead of pure Millipore water. g) Spectral
position of the SPR of AuNPs after irradiation with 6000 laser pulses and
the subsequent addition of 20 uM NB analogues.

SPR (nm)
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of the NBs in the solution. A detailed derivation of the reaction rate k is
presented in M3. The calculated values for k£ are in good agreement with
the experimentally determined reaction rates (see figure e)). It turns out
that the adsorption rate k,q is fast, as most likely no time consuming ligand
exchange is required [199]. Furthermore, since the diameter of the AuNPs is
small (< 10 nm), the surface of the AuNPs mainly consist of non-orientated
surface sites that provide fast adsorption rates [200]. A dependence on the
laser repetition rate was observed for all four native NBs as well as for their
brominated analogues (see[5.3e)). In figure[5.3|f) the reaction rates at 10 Hz
are plotted showing that the highest rates are observed for 887A, 8BrG, 5BrC
and A. To correlate these findings with the adsorption rate of molecules on
the surface of NPs, there is no straight forward method available. In con-
sequence a modified version of the colorimetric method presented by Lu Yu
and Na Li was applied that is based on the determination of the SPR shift
due to the aggregation of AuNPs [201]. The shift of the SPR is plotted in
figure g), which correlates fairly well with the decomposition rates.
Even though UV-Vis absorption spectroscopy is a useful tool to obtain an
insight to the plasmon mediated decomposition of molecules, the identifica-
tion of the generated molecular fragments is barely possible by this method.
Thus, Raman spectroscopy was used to identify certain reaction products, as
the enhanced em-field close to the AuNPs allows to overcome the typically
poor scattering cross section of the molecules of interest. Nevertheless, due
to the laser irradiation of the AuNPs their size is strongly reduced and con-
sequently their em-enhancement is low. Using higher AuNP-concentrations
the SERS spectra of A and 38"A were determined (see figure a). In the
spectra of both molecules a new a band at 2140 cm™! arises that can be
assigned to the CN stretching vibration of a C==N~ ion. This confirms
the rupture of the ring structure that was already indicated by UV-Vis spec-
troscopy. In contrast to the electron induced reactions in the gas phase, a
cleavage of the C-Br bond of 83" A was not observed as no band at approxi-
mately 735 cm™! occurs after the irradiation that would originate from the
ring breathing mode of the generated A molecule [23].

The addition of a highly concentrated AgNPs solution to the AuNPs
containing NBs solution after the irradiation strongly enhances the Raman
signal. In this way, fragments that adsorb on the AgNPs can be better iden-
tified through the higher signal to noise ratio. In figure b) SERS spectra
of U, T and °P'U are presented before and after irradiation with focused
laser pulses in a AuNP solution. For U and T a new band at 2140 cm™!
was observed as already shown for the A analogues, while the peaks in the
fingerprint region do not exhibit major changes. Furthermore, after the irra-
diation of T a signal at 1900 cm ™! arose that can be assigned to a cumulative
double bond, which might have its origin in the formation of NCO. Even
though NCO™ requires the cleavage of multiple bonds, it can be formed by
the DEA to T at 2 eV [202]. The observed new Raman bands increase with
ongoing irradiation. The intensity was fitted with a Langmuir adsorption
isotherm (see figure |5.4/c)) as it is assumed that due to the surface sensitiv-
ity of SERS only the first adsorbed molecular layer significantly contributes
to the signal. The potential radiosensitizer °B"U exhibits a different behav-
ior as signals above 1700 cm ™! are comparably low after the irradiation. In
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Figure 5.4: a) SERS spectra of 88"A and A on AuNPs with an initial size of
60 nm before and after the irradiation with 3000 laser pulses (230 mJ/cm?).
b) SERS spectra of T,U and ®®*U on AuNPs before and after the irradiation
with 72 000 pulses (4 J/cm?). In order to enhance the signal AgNPs were
added. c) Intensity of the Raman band located at 2140 cm™ plotted as a
function of the concentration of the fragmented NBs that was determined
from UV-Vis measurements. d) UV-Vis Absorption spectra of a AuNPs con-
taining 5BTU solution under irradiation with intense laser pulses (4 J/cm?).

contrast, there are significant changes in the fingerprint region of the Raman
signal. The signals at 300 cm~! and 560 cm ™! vanish, which are assigned to
the C-Br bending and stretching vibration, respectively [I82]. This indicates
a cleavage of the C-Br bond, which is the main dissociation pathway in the
DEA to °P'U [80]. This assumption was strengthened by UV-Vis spectra
showing a blue shift of the m — 7* absorption indicating a transformation
from 5BrU to U (see figure d)). However, the cleavage of the C-Br bond
was also observed under illumination with UV-light [7] and therefore beside
DEA also 2 photon processes in the enhanced near-field of the AuNPs might
be a reasonable explanation for this observation.

5.3 Hot electron transfer to 8-Bromoadenine

The versatile decomposition pathways make it difficult to identify the pro-
portion of electron induced reactions in the fragmentation of molecules in the
vicinity of pulsed laser illuminated AuNPs. Nevertheless, beside thermionic
electron emission in intense laser fields also plasmon induced ”hot electrons”
can be generated in laser illuminated noble metal nanoparticles even un-
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der moderate intensities. A transfer of these "hot electrons” to adsorbed
molecules on the particle surface can trigger chemical reactions [203]. In
manuscript M5 the interaction between 88'A and continuous wave laser illu-
minated metal nanoparticles was studied. For this purpose 88"A was incu-
bated on AgNPs and after washing with HoO dried on a Si-Wafer. In figure
a) the Raman spectra of this system are shown. For a short time the

Raman spectrum exhibits a vibrational fingerprint that can be assigned to
8Br A
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Figure 5.5: a) Raman spectra of 3"A on AgNPs dried on a Si Wafer
illuminated with 250 yW 532 nm laser. The * marks the 520 cm™! line
of the Si substrate. b) Intensities of the ring breathing modes of 33*A at
767 cm~! and A at 735 cm™! as a function of the illumination time (same
data like in a)). c¢) Observed rate constant for the dissociation of 8BTA
plotted as a function of the illumination time fitted with the power law
function kops = t~" with h = 0.33. d) Light microscopy image of the fractal-
like aggregated AgNPs on a Si Wafer. e) Rate constant k; for the decay of
8Br A on AgNPs illuminated with a 532 nm laser plotted as a function of the
laser intensity and fitted with a power function I = a® with b = 0.92 4 0.09.
f) Normalized rate constants for the 8B"A decay on AuNPs and AgNPs as
a function of the laser wavelength plotted together with typical dark field
scattering spectra on the two substrates.

With ongoing illumination the intensity of these bands are decreasing
while at the same time new bands are arising that show the fingerprint of A.
This process can be explained by plasmonically generated "hot electrons”
that are transfered into the LUMO of the adsorbed ' A forming a TNI. The
TNI subsequently relaxes by the cleavage of the C-Br bond. The intense
ring breathing mode of the educts and the products, which are located at
735 cm ™! and 767 cm~! respectively, are good markers to track this reaction
(See figure b)). Figure c) shows the observed rate constant of the
decomposition of 8B A as a function of time. With ongoing illumination time
the rate constant decreases following a power law. The time dependency of
the observed reaction rate ks can be described by fractal-like kinetics [204],
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where the rate constant is given by:
_ —h
kops = k1 -t (5.3)

with k; being the reaction rate at ¢t = 1 and h is denoting the fractal di-
mension of the system. The origin of the time dependent reaction rate lies
in the heterogeneous spatial distribution of the plasmonic enhancement of
the dried AgNPs (see figure d)). In the plasmonic hot spots the Raman
enhancement as well as the interaction of the molecule with the hot electrons
is high. In consequence the molecules that have the largest contribution to
the Raman signal decompose more likely than those that experience a mi-
nor em-enhancement. Hence, the observed rate constant is decreasing with
time. Measurements of the time independent reaction rate ki reveal a linear
dependence of the reaction rate on the laser intensity over three orders of
magnitude indicating a one photon process (see figure e)). The linear
correlation was observed for illumination at 532 nm, 633 nm and 785 nm as
well as on AuNPs. In figure f) the rate constants are normalized by the
laser intensity and correlated with typical scattering spectra of the Ag and
Au substrates. The higher rate constants on Ag compared to Au can be
attributed to the higher plasmonic enhancement. However, the normalized
rate constants at 785 nm are relatively high, even though the plasmonic en-
hancement of the substrate is off resonance in this wavelength region. This
might be explained by a resonant electron transfer into the LUMO of the
adsorbed 8BTA [I70]. The AuNPs under NIR laser illumination are of spe-
cial interest as such systems are applied in PTT. In figure a) the Raman
spectra of 88" A on AgNPs in aqueous solution are shown. Also in water the
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Figure 5.6: a) Raman spectra of 8B'A adsorbed on AgNPs in aqueous
solution illuminated with a 785 nm laser with 5.1 mW. The * marks the
Si band at 520 cm™'. b) Ratio of the ring breathing modes of 8¥*A and A
at 734 cm~! and 764 cm~! respectively calculated from the same data set
presented in a).

transformation from ®B*A to A was observed. A major fraction of the 8BTA
in the focal area was converted within several hundred ms. Even though
the reaction rate cannot be quantified due to the diffusion of the AgNPs in
the focal area, it seems likely that the speed of reaction is accelerated in an
aqueous environment, as the tunneling barrier is lower [205].
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The interaction of the potential radiosensitizer 88*A with LEEs was exam-
ined in various systems. In the first part of this work it was shown that
8BrA is highly reactive to LEEs in the gas phase. Due to the attachment
of electrons with an energy below 2 eV the C-Br bond is cleaved generating
Br~ with a high yield in three low energy resonances. In this reaction an
adenyl radical is formed that is known to be the precursor for subsequent
reactions in the DNA strand including SSBs [102], 07]. Furthermore, in a
single resonance close to 0 eV a stable ®B'A parent anion is formed. Such
long lived anionic states might increase the transfer of electrons captured
by ®BrA to the sugar phosphate backbone and cause a SB in a second step.
However, the SB cross sections of 83'A containing oligonucleotides is rela-
tively low at incident electron energies below 3 eV. The low cross sections
at low electron energies could indicate on the one hand that the low lying
shape resonances of 8B*A are not present if ®B*A is incorporated in the DNA
strand or the electrons partly dissipate their energy to the surrounding be-
fore they attach to the NBs. In consequence, the energy of the interacting
electrons would be lowered. In order to get more clarity about the influence
of the environment on the electron interaction with 8*A, DEA experiments
[65] or electron energy loss spectroscopy measurements [197] of 8B* A located
in nanoscale clusters would be beneficial.

The maximum in the SB cross section of the 88" A-modified DNA sequence,
as well as for the non-modified control sequence is located at 7 eV. In this
energy regions typically core excited resonances are located. Several DEA-
pathways exhibit resonances at this energy in the gas phase that require
multiple bond cleavage and lead to the rupture of the ring structure. It
is feasible that the electron capture process underlying these resonances,
which are responsible for the fragmentation of the 8B"A molecule, might
play also an important role as an initial step in the formation of DNA
SBs. Even though there are still some open questions regarding the un-
derlying mechanisms of electron induced DNA damage, it has been shown
that the incorporation of 88 A into DNA leads to a significant enhancement
(EFsp = 1.9 £ 0.6) in the SSB cross section over the whole energy range
between 0.5 eV and 9 eV. Due to the high sensitivity of 88*A to LEEs, it
seems promising to continue the evaluation of the potential of 8B*A as ra-
diosensitizer. In the next step its influence on the DNA DSB cross section
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needs to be examined, since DNA SSBs can be easily repaired whereas DSBs
are assumed to be a lethal DNA damage. Therefore, DSBs are more relevant
with respect to cancer radiation therapy. Furthermore, cell line experiments
with cancer cells and healthy cells need to be conducted to determine the
action of ®B'A in a biological system.

In the second part of this thesis, laser illumintaed AuNPs were tested
as a potential electron source on the nanoscale in order to get a deeper in-
sight in the influence of an aqueous environment on DEA processes. The
illumination of AuNPs with focused ns laser pulses revealed reactions to T,
U and °P'U that might be caused by DEA. The generated fragments like
U and Br for the decomposition of °®'U and CN and CNO for the disso-
ciation of T were comparable to those observed for DEA in the gas phase.
The fragments were identified by SERS, when a highly concentrated AgNP
solution was added to enhance the Raman signal. Even though these proof
of principle experiments are promising, in order to use laser illuminated
AuNPs as a system to study DEA reactions in water further improvements
are required. Therefore, well defined plasmonic structures are necessary that
allow a reliable detection of the decomposition products [206]. In addition,
the vibrational fingerprints of the expected reaction products need to be
systematically recorded. To examine the influence of competing thermal re-
actions the decomposition of NB analogues was studied in detail for lower
laser fluences where an electron emission from the AuNPs is unlikely [145].
It turns out that the thermal decomposition is strongly dependent on the
adsorption of the NBs on the AuNPs. In consequence high laser repetition
rates might reduce the influence of short range high temperature effects in
the decomposition of the NBs. It is expected that the thermionic electron
emission from AuNPs depends on the laser intensity [145]. Hence, the in-
fluence of the laser fluence should be systematically evaluated, in order to
find conditions, where the electron emission is prominent. In this context
the use of fs laser pulses should be considered [138, 207]. Yamada et al.
performed pump probe laser experiments to quantify the thermionic emis-
sion of electrons from laser illuminated AulNPs as hydrated electrons absorb
light efficiently at 720 nm [21]. Similar transient absorption measurements
should help to improve the irradiation conditions. If the electron induced
damage can be distinguished from photo induced and thermal damage, laser
irradiated AuNPs can be used to study DEA to DNA strands or other im-
portant biomolecules in an aqueous environment.

In the last part the dissociative electron transfer to 8*A on AgNPs and
AuNPs under low intensity cw illumination was monitored by SERS. The
fractal-like kinetics of the reaction was determined revealing a strong influ-
ence on the plasmonic nanostructures. The observed hot electron transfer
opens further questions regarding spectroscopy and catalysis [147]. Under
typical SERS conditions the reaction time of 8BTA is shorter than com-
mon accumulation times. Hence, it needs to be verified that the measured
SERS spectra of electrophilic molecules do not partly or fully show the vi-
brationally fingerprint of possible photoproducts. As SERS is applied in
analytical chemistry [208], such electron induced reactions need to be sys-
tematically studied to evaluate their importance.
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Beyond that, cw and pulsed laser illuminated AuNPs are applied in
cancer PT'T but were not combined with electrophilic radiosensitizers so far.
Hence, cell experiments with AuNPs and halogenated NBs like 88"A should
be performed in order to evaluate the potential of such a combination.
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