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We provide an experimentalist's perspective on the present state-of-the-art in the studies of low-energy
electron interactions with common radiosensitizers, including compounds used in combined chemo-
radiation therapy and their model systems. Low-energy electrons are important secondary species
formed during the interaction of ionizing radiation with matter. Their role in the radiation chemistry of
living organisms has become an important topic for more than 20 years. With the increasing number of
works and reviews in the field, we would like to focus here on a very narrow area of compounds that
have been shown to have radio-sensitizing properties on the one hand, and high reactivity towards low-
energy electrons on the other hand. Gas phase experiments studying electron attachment to isolated
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molecules and environmental effects on reaction dynamics are reviewed for modified DNA components,
nitroimidazoles, and organometallics. In the end, we provide a perspective on the future directions that
DOI: 10.1039/d3cp06003a may be important for transferring the fundamental knowledge about the processes induced by low-

energy electrons into practice in the field of rational design of agents for concomitant chemo-radiation
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1 Introduction

The motivation for studying interactions of low-energy elec-
trons (LEEs) with radiosensitizers results from the possible role
of such interactions in chemoradiation synergism. Identifi-
cation of major processes contributing to the synergism may
open the direct way for the efficient design of chemoradiation
drugs. The hypothesis that LEEs are actively involved in
the synergism during concomitant chemo-radiation therapy
is rationalized by two main facts. The first is a high amount
of secondary low-energy electrons produced during the passage
of high-energy ionizing radiation particles through biological
matter. The second fact is that many chemo-radiotherapeutics
exhibit strong reactivity with LEE due to the high electron
affinity of the molecule or its components. In the introduction,
we will zoom in on these two facts as well as better define the
scope of the present perspective article.

Ionization is a process of removing an electron from the
molecular orbital. Depending on the mechanism, electrons
with different energies are ejected into the environment. These
initial electrons can induce further ionization in the e-2e
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avalanche process or slow down by electronic excitations. The
histogram of the processes contributing to the electron slow-
down in the medium is known as the electron degradation
spectrum. A good introduction to the initial processes during
the physicochemical stage of radiation interaction with living
tissue can be found in the book of Bednar' or reviews on the
topic.>® Determination of electron degradation spectrum in
living tissue is an extremely complicated issue due to the large
number of molecules present at different densities and poly-
meric forms. The number of available experimental cross-
sections for electron scattering on the constituents of living
tissue is rather low (e.g. ref. 4 and 5), and therefore the electron
transport is typically approximated based on theoretical
models.*” Important in the present content is that the LEEs,
in contrast to other secondary species, can be distributed far,
several tens of nm from the ionization track of the primary
particle.® Since electron ionization is the lowest energetically
accessible process resulting in the multiplication of the num-
ber of free electrons in the medium, it is clear that the main
component of the electron energy degradation spectrum is
formed by electrons with energies below the ionization thresh-
old of the medium.’ Processes induced by such LEEs with sub-
ionization energies are of the primary focus in the present
perspective.

1.1 LEE-induced processes in isolated molecules

In Fig. 1 we show the main interactions of LEEs with isolated
molecules depending on the energy of the incident electron
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Fig.1 Common LEE interactions with radiosensitizers discussed in the present work. Gas phase experiments focus mainly on the reactions leading to
stable anion formation (a)—(e) via electron attachment EA. Scattering processes leading to neutral products I-lll are less explored. The left side of the
image provides an example of potential energy curves that can be associated with the processes listed on the right side together with some typical
products of LEE interactions with radiosensitizers after the parentheses. The central line provides an example of the corresponding anion yield as a
function of the energy of the incident electron that can be expected in a typical electron attachment spectroscopy experiment.

and examples of the relevant potential energy curves. Scattering
processes, including elastic and inelastic scattering of electrons
(1), electron-induced dissociation (II) and electron-induced
fluorescence(III), can occur by simple collision of the incident
electron with a molecular system, without the need for the
formation of a transient negative ion (TNI). Even though, these
processes may be strongly enhanced when LEE interaction time
is prolonged by the formation of TNI. Examples are resonant
features in vibrational excitation curves'® or LEE-catalysed
dissociation."""?

Electron attachment processes in Fig. 1(a)-(e), require
the formation of TNI, which means that the electron is attached
to the molecule on the timescales longer than the typical
period for vibrational motion. TNI can be stabilized via intra-
molecular vibrational energy redistribution (IVR)"*** or anion
isomerization'>'® to form parent molecular anion. Another
means of anion stabilization represents the emission of
photons, which is closely related to IVR and recently explored
mainly for anions of astrophysical relevance.’”*® Alternatively,
the TNI can fragment via dissociative electron attachment
(DEA), when an anion and a neutral co-products are formed.
DEA is interesting from the point of view of reaction enthalpy.
Formation of an anion fragment is accompanied by energy
surplus due to the fragment electron affinity, significantly
lowering the dissociation energy in comparison to the dissocia-
tion into neutral fragments.

EA can occur via different scenarios.
potential energy surface crosses that of the ground state of
the neutral and electron attachment is exothermic (Fig. 1a), the

If the anion’s

This journal is © the Owner Societies 2024

cross-section at energies of the incident electron close to 0 eV
diverges, theoretically exceeding the values of the elastic scat-
tering cross-section.*®

In the range of energies corresponding to the vibrational
excitation of the ground state neutral, attachment via (dipole
supported) vibrational Feshbach resonances (VFRs) occur
(Fig. 1b). VFRs are initiated by the overlap of the neutral and
anion vibrational energy levels caused by nuclear displacement,
a consequence of the long-range interaction of the incident
electron with the molecular dipole.*® As shown by Fabrikant,
Hotop, and Allan,*" as well as the more recent experiments,*>>*
not only the permanent dipole moment,*® but molecular polar-
izability as well plays an important role in the formation of
dipole bound states. In systems with low-lying electronic
excited states such as pyrazolide, the VFR may occur also via
a core-excited (two-particle one-hole) process.>® The structure of
the dipole-bound anions is very close to that of the neutral®”
and therefore, VFRs can be understood only as a doorway
mechanism for the formation of energetically lower-lying
valence-bound anions.*® However, this is not always the case.
In molecules with low or slightly negative electron affinities,
the dipole-bound state can lay energetically under that of the
valence-bound state.>>*° Moreover, the anion rearrangement
from dipole to valence state may require additional energy
input forming energetic barriers for the transformation.*!*

In the energy range between vibrational and electronic
excitation levels shape resonances (Fig. 1d) are usually
observed. These are formed by electron attachment to the
unoccupied molecular orbitals LUMO+n of the molecule

Phys. Chem. Chem. Phys., 2024, 26, 9112-9136 | 9113
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(virtual orbitals). The energies of these virtual states are directly
related to the energies of molecular orbitals of the neutral
precursor molecule (see e.g. ref. 33). Theoretically, electrons
cannot be attached to the orbitals having zero angular momen-
tum (o) as they do not provide a barrier against autodetach-
ment. In molecules, however, short-lived Sigma resonances
can be detected in the vibrational excitation spectra, usually
not resulting in DEA (short lifetime) and having only limited
contribution to the total elastic cross section (large width).**~°
Even though the direct DEA mechanism of these resonances
has a low probability, the ¢ and © molecular orbitals in complex
biomolecules are often mixed allowing for rich fragmentation
dynamics of TNIs. Examples are biomolecules in which hydro-
gens are displaced off the symmetry axis in CN-H and possibly
also CO-H subunits. There, the low-lying shape resonances can
have mixed o*-H* character (Fig. 1c), e.g. ref. 37-39.

Finally, at energies of electronically excited states (Fig. 1(e)),
core excited resonances can be detected. These are naturally of
Feshbach’s character (formation of TNI is stabilizing the sys-
tem). Core-excited shape resonances are typically observed at
significantly higher energies than the ones corresponding to
the excitation of the neutral molecule.>* More details on the
individual LEE processes in specialized
reviews***! or books on the topic.

can be found
42-44

1.2 LEE interactions in solvent

The wavelength of LEE is already larger than molecular dimen-
sions, implying that the cross-section for the molecular inter-
action can be larger than the geometrical cross-section of a
molecule. This is reflected in the high LEE reaction cross-
sections measured in the gas phase experiments, discussed in
the previous section. On the other hand, in solvent media, the
same long-range electron-dipole interaction results in the fast
orientation of the neighboring molecules forming so-called
solvated electrons. Water, with its large dipole moment, is
one of the fastest traps for electrons with the transition to the
aqueous state represented by a potential well of ~3.5 eV*® at
the timescale well below a picosecond.*®™*®

In contrast to LEEs, the reactivity of solvated electrons is
low. The fact that LEEs in biological media are only transient
species limits their studies in realistic environments to state-of-
the-art time-resolved experiments.*>>® On the other side, elec-
trons of controlled energy can be also produced artificially in a
vacuum, where molecular dynamics approaches can be applied
to explore their interactions with model systems of various
complexity.>® The present perspective focuses, but is not lim-
ited to these gas-phase experimental studies.

The advantage of the gas phase studies with model systems
is that they can separate various effects of the environment on
the dynamics of TNIs. Reviewing the present state-of-the-art,
the four main effects on the reaction dynamics of LEEs in the
environment can be identified, which are sketched in Fig. 2 The
primary effect of the environment is an energy sink Fig. 2(a). As
we discussed previously, electron affinity makes many of the
LEE-induced processes exothermic. This energy gain, which
induces fragmentation via DEA in the isolated molecules, is
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Fig. 2 Commonly observed solvent effects on the dynamics of transient
negative ions. (a) Energy transfer to the solvent can prevent molecular
fragmentation as well as lead to significant heating of the environment;
(b) solvation can prevent as well as promote dissociation or isomerization
of TNI; (c) the process studied as self-scavenging in small clusters or
electron transfer in gas phase experiments results in the formation of TNIs
of one molecule via resonant electron attachment to another, in systems
with many types of molecules such as in tissue this practically transfers
very narrow resonant electron attachment processes into threshold pro-
cesses operative over a wide range of electron energies; (d) the reactions
TNI with solvent molecules can change the final product of electron
attachment reaction. Important is also the catalytic role of an electron,
in promoting the reactions that could not be possible in between neutrals.

C) electron transfer

SPECIFIC

often dissipated to the environment. If the solvent molecules
are different from the interacting molecule, the most probable
mechanism is intermolecular vibrational energy redistribution
via momentum transfer of the moving nuclei.””>" In the case of
overlapping energetic levels, such as in the case of molecules of
the same type, this process may become more effective via
resonant energy transfer.™

The second effect is the effect of solvation Fig. 2(b) when
the neutral or anion geometry is distorted with respect
to the gas phase geometry. A good example is the transforma-
tion of valence-bound anions of nucleobases with negative
electron affinities into positive electron affinities in the solvent
(stabilization of valence-bound anions).>>>® Another example
is anion predissociation, typical e.g. for halogen-substituted
molecules.®’

This journal is © the Owner Societies 2024
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The third effect is electron transfer Fig. 2(c)
to isolated molecules in the gas phase, in bulk, the molecules
are in permanent interaction allowing for the fast electron
transfer to the energetically favorable sites. There are many
electron transfer sequences known at the cellular level from
electron transfer through DNA, through protein-mediated elec-
tron transfer chains to cell respiration and metabolism. Free
LEEs can enter these sequences at any stage and influence their
function. Identification of LEE reactions involved in these
cellular mechanisms is one of the important tasks that will
require close collaboration of molecular physicists and
biophysicists.®® Considering the radiosensitization, the elec-
tron attractive centers in DNA are thymine bases®' that may act
as an electron transfer terminus in nonsensitized strands.
Follow-up electron transfer processes within nucleotides and
nucleotide pairs can result in DNA strand breaks.®>®® The
radiosensitizers may act as additional electron gain centers
allowing for the enhancement of these processes.

The second important fact associated with electron transfer
is the energy range under which a particular reaction occurs. As
we discussed, the attachment of an electron is always possible
only at a specific resonant energy. Therefore, from the wide
energy distribution of LEEs, only a small part can interact via a
particular DEA channel. This “bond and site selectivity” is an
important characteristic of DEA.**"®” In the environment, one
molecule can act as an electron scavenger and another can be
dissociated upon electron transfer. This way the region of the
reaction energies is significantly widened by all possible
attachement-transfer sequences. This process is well known
in cluster physics as a self- or auto-scavenging.®7*

Finally, reactions with solvent often occur. A good example
is the reactivity of nucleotide TNI. McAllister et al. suggested
that within the nucleotide, electron attachment to the DNA
base will result in fast protonation of the base followed by C-N
glycosidic bond cleavage.”” Such description is consistent
with experimentally observed fragmentation of microhydrated
2-deoxycytidine-5-monophosphate upon interaction with
LEEs.”” It is worth mentioning that electron-induced glyco-
sidic bond cleavage in nucleotide was observed also using
transient absorption spectroscopy in the bulk.”

Another good example related to the radiosensitizing mole-
cules is the 5-nitro-2,4-dichloropyrimidine,”> where the DEA
channel resulting in the release of the Cl neutral is accompa-
nied by hydroxylation of the formed anion.

1.3 Why radiosensitizers?

Many molecules used in the concomitant chemo-radiation
therapy have high electron affinities or bare electron affine
groups. Typical examples are halogens or nitro groups. The
electron affinity represents a negative (exothermic) contribu-
tion to the reaction enthalpy, often in the range of electron-
volts. The presence of electron affine groups therefore signifi-
cantly increases reactivity with LEEs as well as their ability to
induce molecular transformations in the medium. This fact has
attracted attention, since the fundamental mechanisms of
chemo-radiation synergism are not fully understood. LEEs react

This journal is © the Owner Societies 2024
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during the physico-chemical stage of the radiation interaction
with tissue and therefore only a tiny enhancement of reactivity
towards LEEs can have significant consequences in further
stages of radiation interaction with living tissue.’

Several LEE-based mechanisms have been suggested so far
to contribute to radio-sensitization and synergism. Simple
attachment of an electron by a molecule can lead to the release
of the energy equivalent to electron affinity into the environ-
ment. Considering the high number of LEEs forming around
the ionization track, the addition to the linear energy transfer
to the tissue can be significant.>® Another contribution of the
non-dissociative electron attachment can be enhanced trans-
port through the cellular membranes or accumulation in the
cells.”® Except for the enhanced transport, in realistic environ-
ments the electron attachment is an important prerequisite of
multiple electron reduction, which should be better explored,
as will be discussed in the perspectives section. Electron affinity
is also reflected in the dissociative processes induced by LEEs.
LEEs can induce bond breaking at energies significantly
below that required by sole energy input into the systems,
such as photoexcitation. Already a single LEE can induce the
formation of double-strand breaks in cisplatin-sensitized DNA
strands.””””® Many more DNA intercalating molecules have
been suggested as possible radiosensitizers based on their
DEA (e.g. ref. 79). However, the DEA to unbound molecules in
the cellular medium can produce reactive radicals leading to
cell stress and death.®>®" An interesting suggestion is also that
the presence of heavy metal atoms, such as Pt can locally
enhance the production of reactive LEEs.**

All these processes will be discussed on examples of parti-
cular molecules from three main groups of radiosensitizers
studied during the last years: modified DNA components,
nitroimidazoles and organometallics. In the end, we provide
a perspective section focused on future directions that should
be addressed to enable some real impact in the field of rational
design of radiosensitizers and chemo-radiotherapeutics.

2 DNA components

The most studied derivatives of DNA components concerning
the LEE-induced chemistry are halogenated pyrimidine bases,
nucleosides and nucleotides (Fig. 3). The primary mechanism
of action of these compounds in cancer chemotherapy is
pyrimidine antagonism. Their presence inhibits the repair
and formation of the DNA via replacing the pyrimidine bases
in the DNA or via saturating the nucleotide synthesis proteins.
Reduction in the DNA damage site repairs is an important
source of combined and synergistic effects of these molecules
with radiation.

Additionally to the suppression of repair, the molecules
can also act as DNA radiosensitizers, increasing the suscepti-
bility of DNA to damage. When incorporated into DNA, mis-
pairings and DNA mutations are formed influencing the DNA
secondary structure as well as increasing the number of acces-
sible sites for radicals and LEEs.®*® Indeed, the works with

Phys. Chem. Chem. Phys., 2024, 26, 9112-9136 | 9115
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Fig. 3 Radiosensitizers from the group of modified DNA components
and their model compounds, whose reactivity with LEES is discussed in the
text. From top to bottom halouracils (2.1); thiouracils (2.2); 5-seleno-
cyanatouracil (2.3), uracil-5-yl-O-sulfamate and uracil-5-yl-O-(N,N-
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(2.6); modified nucleosides (2.8) and 8-bromoadenine (2.7). The red line
marks the bond broken in the most intense DEA reaction of the
molecule identified for the isolated molecule, and the blue line the
dissociation for a solvated molecule. The minus sign marks the anionic
DEA fragment.
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oligonucleotides®* as well as short DNA segments®*>*® demon-
strate enhancement of DNA strand breaks by low-energy elec-
trons due to the presence of halogen-modified nucleosides. The
enhancement can be direct, when more single-strand breaks
are produced or due to the formation of reactive radicals,
enhancing the clustered and double-strand damages.®” The
direct and electron transfer mechanisms induced by LEEs are
well-reviewed in the works of Von Sonntag,®® Rak et al.® or
Kumar.®® Poorly explored are the effects of mutations on the
DNA secondary structure that can lead to better access of
reactive species to the DNA components and enhanced
damages during irradiation.**°° Another unexplored field is
the effect on hydrogen bonding of DNA bases important in
protein interactions and during the DNA repair process.”’ In
this direction, there is only a handful of studies directed at non-
modified DNA bases (e.g. ref. 92-95). An important benchmark
to the computational models can be acquired in precisely
designed experiments on DNA origami platforms®® but also
using various clustering techniques.>**”%8

Generally, pyrimidines are considered better radiosensiti-
zers than purines, which can be related to their higher electron
affinities.”® Except for electron affinity, also the DEA was
considered an important prerequisite of radio-sensitizing prop-
erties of pyrimidine substitutes. Systematic studies on the topic
were performed mainly in the J. Rak group. Fig. 5 shows a set of
substituted uracils with the main DEA reaction channels iden-
tified in the work of Makurat.®® The DFT-based study sorted the
studied uracils into three groups according to their DEA
fragmentation pattern resulting in the stabilization of parent
anions in group A, fragmentation of substituent group B, and
formation of reactive oxygen radical anion in group C. Based on
the high stability of the parent anion, group A was excluded as
not having radiosensitizing potential. However, based on
recent studies with different radiosensitizers, DEA is not a
necessary condition for radiosensitizing properties. Single elec-
tron reduction can result in several sensitizing mechanisms
already discussed, such as enhanced linear energy transfer,
better transport of the radiosensitizer within the biological
system, or an increase in electron transfer and multiple elec-
tron reduction rates. In vitro, experimental studies with com-
plexity similar to the DFT study of Makurat would give us much
better insight into the undergoing mechanisms. Systematic
in vitro studies with model molecular systems are, however,
complicated due to a large number of parameters that have to
be considered when moving from gas phase experiments to
biological buffers.”>*°%1!

2.1 Halouracils

We will start with probably the most studied systems, 5-halo
uracils. Three energy regions for the interaction with LEEs can
be identified.

In the first region, at energies of the incident electron below
1 eV the electron is attached by the molecular dipole moment
into VFRs.'*>'% Resulting anion in the vibrationally excited
state allows for very different dissociation dynamics of that of
ground or electronically excited anion.'**"'° The cross section

This journal is © the Owner Societies 2024
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at these low energies has a shape of discrete vibrational bands,
whose threshold and intensity depend on the reaction enthalpy
for the particular DEA channel. DEA at these energies proceeds
via carbon-to-halogen bond breakage resulting in halogen or
U-yl anions products. The enthalpy depends on the electron
affinity of the fragment anion and bond dissociation energy.
Carbon-to-halogen bond dissociation energies in organic mole-
cules decrease from around 5 eV for C-F to around 2.5 eV for
C-1."%7 Electron affinities of all F to I halogens are higher than
3 eV'%%1% while that of 5-U-yl radical is 2.34 eV.''® Simply
subtracting the bond dissociation energy and electron affinity
can give us energy surplus for some halogen uracils while
shortage for others. In gas phase experiments, however, all
but FU efficiently fragment via DEA at the energy of incident
electron 0 eV, while the calculated reaction enthalpies are
typically positive in the 0-1 eV range. This behavior was
assigned to the high sensitivity of the vibrational Feshbach
resonances to temperature.''’ The experiments with isolated
molecules are performed via sublimation of the molecules into
the gas phase, which requires high temperatures in the order of
hundreds of degrees Celsius. Even though only the tail of the
Boltzmann distribution may allow for dissociation, the electron
interaction probability at near 0 eV diverges, as we already
mentioned, and therefore the molecules from this very tail of
the thermal distribution can be enough to produce significant
DEA ion signals. This is also in agreement with different
distributions of the most intense bands in the cross sections
from different experiments.'**~'°

On the other hand, TNI allows also for hydrogen and proton
mobility'*? or complex rearrangements.'*® By way of example,
simple hydrogen migration upon electron attachment can
result in the formation of N1 U-yl radical with an electron
affinity of 3.4810 + 0.0006 eV."'* instead of simple bond
cleavages and 5-U-yl radical formation. Such change can
explain several previously puzzling 0 eV DEA peaks. However,
the rearrangement barriers will need to be explored in detail,
recently done e.g. for 5-bromo-4-thio-uracil.'*®> An additional
explanation for the observed dissociation near 0 eV can be the
creation of stable neutral HX molecules during the TNI life-
time, where X is halogen, which was suggested in the men-
tioned study of 5-bromo-4-thio-uracil as well as several other
TNIS'1167118

In the second region of incident electron energies between
1 eV and 4 eV, electrons are attached via shape resonances into
the three lowest-lying unoccupied n orbitals. Even though their
coupling to the dissociative c* state still plays an important
role in the dissociation process.'®*''° The fragmentation spec-
tra at low energies below 4 eV are dominated by halogen or U-yl
anions being highly reactive. Formation of these species was
observed in early photolysis experiments.">*'** They were also
suggested to play an important role in the evolution of other
reactive species such as OH radicals."*?

In the third energy region, core excited resonances result in
complex multiple bond cleavages including the ring breakage
and formation of anions such as OCN~, H,C;NO,*** HC,N ",
C;NO™ and others."”
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When halouracils are submerged in solvent, their dissocia-
tion efficiency at low energies is reduced. Studies with micro-
hydrated molecules in clusters demonstrate that while FU
doesn’t dissociate, BrU and ClU anions can dissociate even
when fully surrounded by water molecules.”” In contrast to e.g.
thiophenols®” no halogen-water clusters were observed in the
fragmentation spectrum of microhydrated uracils. This indicates
either a fast dissociation, without the formation of intermediate
products, or neutral HBr formation, similar to recently reported
HF from fluorouracil.'’” Such neutral products, which cannot be
detected using mass spectrometry, can be one of the reasons for a
significant decrease in the fragmentation signal upon solvation.
However, a similar trend of decreasing fragmentation from
intense IdU decay to non-decaying FdU was observed also in the
pulsed radiolysis study in bulk."** Further suppression of LEE-
induced fragmentation can be expected in biological buffers, as
demonstrated by Beach, Fuciarelli, and Zimbrick."*>

The suppression of fragmentation in the environment does
not necessarily mean the inactivation of LEE-induced radio-
sensitization. These studies actually demonstrate that even in
the solvent conditions, LEE will effectively attach to haloge-
nated DNA bases. When incorporated in the DNA, electrons can
be transferred into the backbone,*>"” or negative ions may
become attractive for proton transfer from the backbone,'*2°
which are both efficient ways for DNA strand breaks. Except for
chemical ways of radiosensitization, there are also physical
consequences of high electron attachment rate in the solution.
The energy gained by the system due to the electron affinity of
halogen-modified nucleobases can efficiently dissipate into the
solvent as demonstrated in Fig. 4 from the work of Postulka

—m—<n> = El experiment
—e—<n> = EA experiment
—A—<p> . =<n>+theory
Higher Hydration
(2bar)

Lower Hydration
107 (1.5 bar)

A
\A\A

Attached Water Molecules
./
/ .

L}
\./
|} L]
\ /I
L}
L T T T T T 1
u FU BU u FU B

Molecule X

Fig. 4 The image from the work of Postulka et al. showing that theory
predicted increase in the energy transfer to solvent due to the electron
affinity of the microhydrated halo uracils can reproduce well the frag-
mentation of their TNIs. For uracil (U), bromouracil (BrU) and fluorouracil
(FU) shown on the x-axis the y-axis shows the detected mean size of ionic
clusters upon electron attachment (red) and electron ionization (black).
The blue points are mean values of neutral cluster sizes estimated based
on electron affinities and under the assumption that all energy transferred
to solvent leads to the evaporation of water molecules from the cluster.
Reproduced from ref. 52 with permission from American Chemical
Society, copyright 2017.
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et al. In other words, electron affinity represents a positive
contribution to the linear energy transfer (LET).

Except for the water solvent, other environmental effects
have been studied for halogenated bases, particularly the effect
of base pairing."*° Pairing of halogenated bases results in a
decrease in their adiabatic electron affinity. Therefore, the
mutations in the double strands may be less sensitive to LEEs
in comparison to the single strand form, e.g. during repair and
replication processes.

2.2 Thiouracils

Electron attachment to 2-TU in the gas phase was studied using
electron attachment spectroscopy and ab initio calculations.
Low-energy VFRs lead to efficient hydrogen abstraction from
nitrogen, with a possible contribution from low-lying n* reso-
nances at the high energy tail of the observed signal. At energies
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Fig. 5 Substituted uracils from the systematic DFT study of Makurat et al.
with dotted lines showing main sites of fragmentation via dissociative
electron attachment induced by LEEs in solution modelled by polarizable
continuum model. Electron attachment to the group A molecules was
predicted to result in stable negative ions, while B type ions will fragment
by dissocaition of the substituent group and IOU by the formation of
reactive oxygen radical anion. Reproduced from ref. 89 with permission
from John Wiley and Sons, copyright 2016.
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above 4 eV, DEA is proceeding via core excited resonances of the
CS bond in a mechanism similar to CS,."*' The most intense DEA
channels opening at this energy are leading to S~ and (TU-S)".
However, the ion yield of the second most intense decomposition
product of the molecule SCN™ is slightly shifted towards lower
energy, which can be a result of the contribution from the high n*
shape resonance to this DEA channel."*”> Dependency of the anion
signal on temperature has shown only a little effect in comparison
to the usual behavior of VFRs."*

TU is a nice example demonstrating how reactivity with the
solvent (Fig. 2) can change the reaction output of LEE interaction.
Prasanthkumar et al.'** studied TU and TC using pulsed radi-
olysis in solution. Changing buffer solution composition, two
modes of interaction were reached dominated by reactions with
solvated electrons or CO,” ions. In the first case, the electron
attachment and formation of TNI is accompanied by a fast proton
transfer from the solvent resulting in the formation of protonated
radical. While EA in the gas phase discussed in the previous
paragraph, results mainly in hydrogen abstraction, in solution it is
the opposite. When CO, " is introduced in solution, it can abstract
hydrogens from the molecules, but the formed radicals interact
with each other to form sulfur-to-sulfur bound dimers.

More recently, 5-bromo-4-thio-uracil was studied showing
strong effects of intramolecular proton transfer on reaction
dynamics, partially stabilizing the parent anion and allowing
for HBr formation and release during the TNI decay.'" It is
worth repeating that the formation of hydrohalic acids seems to
be an important process upon LEE interaction with many
halogenated molecules''®""®**> however, the biological conse-
quences of this process are not well explored.

Other thiouracils were explored theoretically. The electron
affinities were calculated to rise from 2-TU with EA of 0.26 eV to
4-TU (0.61 eV) and 2,4-diTU (0.87 eV). Therefore, observation of
stable parent anions should be possible, particularly for di-
substituted thiophenols'*®

2.3 5-Selenocyanatouracil

Based on the already mentioned systematic work of Makurat,*®
5-SeCNU was selected for further experimental studies. Isolated
5-SeCNU is more sensitive to EA than BrU and efficiently
releases CN ™. However, this mechanism does not transfer into
a solution, where the U-Se radical stabilizes via the formation
of two stable products: dimer U-Se-Se-U and an adduct of
radical OtBu to radical U-Se (—U-Se-OtBu) due to the used tert-
butanol [tBuOH] scavenger in the buffer solution.™” It is worth
mentioning that dimer formation was observed also upon 2-TU
and 2-TC radiolysis in solution, but their occurrence was buffer
dependent.’** Actually, the composition of buffer solutions to
separate LEE-induced processes is one of the major issues
complicating the experiments as will be mentioned on several
places in the present perspective.

2.4 Uracil-5-yl-O-sulfamate and uracil-5-yl-O-(N,N-
dimethylsulfamate)

LEE interaction with isolated uracil-5-yl-O-sulfamate results in
complex fragmentation already at near 0 eV energies of the
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electrons. The main product results from the S-O bond clea-
vage and neutral NH,SO, radical release. The other intense
fragmentation channels observed at low energies are associated
with sulfamate dissociation, particularly the strong SNO™. This
is understandable based on the large electron affinity of this
fragment™® in comparison to other anions that are commonly
observed from sulfoxy compounds, such as SO,  and SO;,
detected with only minor intensity. Upon solvation, DEA chan-
nels seem to be closed as demonstrated by radiolysis of the
solutions with #BuOH as a radical scavenger."*® For uracil-5-yl-
O-(N,N-dimethylsulfamate), the LEE-induced fragmentation of
the isolated molecule is analogous to uracil-5-yl O-sulfamate,
only intensities differ because of methylation. e.g. the intensi-
ties of 5-U-yl fragments were under the detection limits."*

2.5 5-Nitro-uracil

The electron affinity of the nitrogen dioxide is 2.273 =+
0.005 eV,'%® close to that of the U-yl radical. While the C-N
bond is one of the strongest, in the nitro compounds it has a
single bond character with bond dissociation energy values
ranging from 2.5 eV to 3 eV."'>"*° As a result, DEA via release of
neutral NO,, which is the most intense channel, is endother-
mic. The occurrence of intense 0 eV VFRs in the DEA cross
section for this channel is therefore surprising.'*° As discussed
in the case of halouracils, the exothermicity can be enabled by
hydrogen migration over the radical, internal vibrational energy
of the neutral, as well as more complex rearrangements during
the TNI lifetime. The similar electron affinities of the co-
products allowing for charge migration between NO, and U-yl
and suggested rearrangement before the dissociation probably
contribute to the long lifetime of the parent anion of
5-nitro-uracil that was also experimentally observed with high
intensities."*"

2.6 5-Nitro-2,4-dichloropyrimidine

5-Nitro-2,4-dichloropyrimidine is a model compound contain-
ing two halogen atoms and a nitro group connected to the
pyrimidine ring. The molecule has exceptionally high electron
affinity and anion lifetime. DEA proceeds via the release of
neutral NO and NO, radicals at near 0 eV energies and Cl~ at
energies above 2 eV. The reaction channels are suppressed by
hydration but NO, release channel remains open in the solvent,
which is not common e.g. for nitroimidazoles that will be
discussed further in the perspective. Additionally, reactivity
with solvent results in the halogen replacement reaction, where
Cl atom is replaced by OH forming a C,H,Cl,N;0; anion.”®

2.7 8-Bromoadenine

8-Bromoadenosine incorporation into DNA enhances its
susceptibility for single and consequently double-strand breaks
upon irradiation.®” It has been shown in the experiments on
hot electron transfer through DNA vires that strong dehalo-
genation occurs on the 8BrA-modified sequences, presumably
via the DEA mechanism.'** Similar strong dehalogenation was
observed also for 8-bromoadenine'®® and 8-bromoguanine,
directly bound to plasmonic nanoparticles.'**
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Dehalogenation is also a primary channel for DEA to the
isolated 8-bromoadenine in the gas phase resulting in both Br™
and (M-Br)~ anions in approximately 6 to 1 ratio. DEA seems to
proceed via VFRs at energies close to 0 eV and a shape
resonance peaking around 1.3 eV. The minor (M-H)~ channel
demonstrates typical behavior of c*-n* mixing with the sharp
onset of the signal, which may be temperature dependent. An
intense signal upon electron attachment was observed also for
the parent anion. The anion has a structure of pre-dissociated
Br relatively far from the polarized adenine core. This type of
non-covalent anion structure was recently identified for several
cyclic halocarbons (e.g. ref. 145-147) and may be crucial for
understanding also the evolution of cyclic hydrocarbon TNIs in
the solution.””?%14%

2.8 Halogenated nucleosides

Halogenated nucleosides are generally more soluble in aqueous
solutions than bare DNA bases. As discussed by Falkiewicz
et al.** it is the OH group at the 2nd position in ribose and its
electronic and steric effects determining the solubility. Nucleo-
sides are, however also more thermally labile. Therefore, the
number of their studies in the gas phase is significantly lower
than that for the DNA bases, while there are more studies
in bulk.

The most studied nucleoside is 5-bromouridine. DEA to
isolated molecule leads to the release of Br~ anion and 5-BrU-
yl anion with high cross sections of 2 x 107'* c¢cm® and
(9 x 107" ecm?), respectively.">® Other dissociation channels,
including uracil fragmentation are much less intense.’®® In
water, pulsed radiolysis was employed to demonstrate Br~
release by LEEs."”” The mechanism was further confirmed by
a more recent study in diethylene glycol.’>® A pulsed radiolysis
study with F to I deoxyuridines in water then demonstrated a
decreasing trend from strongly decaying IdU to practically non-
decaying FdU in LEE-induced halogen release reactions.'**

Even more effective dissociation upon electron attachment
than in 5 substituted species can occur in 6-substituted uri-
dines. However, as demonstrated for 6-iodo-2-deoxyuridine,"*®
the bond dissociation energies may allow dissociation in sol-
vents before electron attachment. The environmental effects
such as solubility and buffer reactivity will be critical for the
transfer of further halogen-based radiosensitizers into applica-
tions such as 5-iodo-4-thio-2-deoxyuridine'** or 5-bromo-4-
thio--deoxyuridine.'"

An important difference in comparison to DNA bases is that
nucleosides can be modified also on the sugar moiety. A well-
known sugar-modified molecule already in use in clinical
practice is gemcitabine.'> Comparative experimental study of
gemcitabine and fluorocytidine demonstrated that the binding
site of the electron affine atom changes the outcome of DEA
significantly. The n system of the DNA base is highly attractive
for the electron and halogenation of the ring enhances the
cross-section for hydrogen loss (Cyt-H)  channel 5.5 times.
Fluorine on the sugar moiety still enhances the (Cyt-H)™
formation, but only 2.8 times, indicating that overall the
gemcitabine is probably a weaker electron scavenger.'®

Phys. Chem. Chem. Phys., 2024, 26, 9112-9136 | 9119


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D3CP06003A

Open Access Article. Published on 15 February 2024. Downloaded on 1/9/2026 5:40:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

The recent study of 2’-deoxy-2'-fluorocytidine, as a model
compound, and 8-bromoadenosine modified DNA studied on a
model DNA nanostructure supports®” demonstrated that the
DEA intensity may not be the sole difference between sugar and
base halogenated radiosensitizers. While 8-bromoadenosine
modified strands show an increase in the total number of
lesions and consequently in double-strand breaks with respect
to the random sequence, the 2’-deoxy-2’-fluorocytidine modi-
fied strands show only an increase in the number of double-
strand breaks but no enhancement in the total number of
lesions. 2’-Deoxy-2'-fluorocytidine is therefore enhancing the
probability for double-strand break in the case that single-
strand break occurs. Such enhancement was tentatively
assigned to forming reactive sugar-based radicals in the mod-
ified strands inducing clustered damages."”’

The role of LEEs in the formation of sugar-based radicals in
radiosensitizer-modified DNA is not sufficiently explored. Ten-
tatively, the mechanism can copy that explored for unmodified
DNA using ESR,*'*® where dehydrogenated base radicals can
be formed by hydrogen abstraction followed by proton extrac-
tion from the sugar moiety. The scenario may be, however,
influenced by the environment. While phosphate counter ions
have only minor effects on electron affinities' or electron
transfer,’® proton transfer from the solvent may play an impor-
tant role in the dissociation dynamics (see e.g. ref. 160) and lead
to the formation of sugar moiety anions as demonstrated for
microhydrated deoxycytidine monophosphate.””?

Another mechanism is the direct electron attachment to
the sugar moiety. For unmodified DNA it was demonstrated
already in the seminal work of Boudaiffa.’®! Ptasinska and co-
workers then showed high electron attachment cross sections
for isolated ribose, a model compound of more complex
sugars.'®® Sugar-based radicals and anions were reported also
upon electron attachment to softly desorbed b-ribose-5-
phosphate.'®® We therefore believe that there should be more
focus on the formation of sugar-based radicals and anions
upon the interaction of modified DNA with LEEs.

3 Nitroimidazoles

Most azole-based cancer chemotherapeutics (Fig. 6) are
antimetabolites, mainly involved in the folate cycle. Folic acid
is required to build and repair DNA, and in many types of
cancer, the folate receptors are overexpressed. Azoles are also
biomimetic to amide bonds and therefore they are known to
interact with proteins'® strongly. This fact is only poorly
explored concerning the DNA repair mechanisms upon irradia-
tion. Research of the LEE community is mainly focused on
nitroimidazoles due to their radiosensitizing potential depen-
dence on electron affinity, which was realized in the 1970s
already."®>'®® The first works focused on the direct incorpora-
tion of nitroazoles into DNA and electron scavenging. Later,
many other mechanisms appeared ranging from NOx effects,"®”
particularly the DNA repair enzyme inhibition,"®*'*® vasodila-
tion effects, fixation of organic radicals, enzyme-catalyzed
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Fig. 6 Radiosensitizers from the group of nitroimidazoles and their model
compounds, whose reactivity with LEEs is discussed in the text. From top
to bottom imidazole (3.1) and nitroimidazoles (3.2); nimorazole (3.4);
metronidazole (3.3) and misonidazole (3.5). The red line marks the bond
broken in the most intense DEA reaction of the molecule identified for the
isolated molecule, and the blue line the dissociation for a solvated
molecule. The minus sign marks the anionic DEA fragment.

depletion of nucleophiles, formation of toxic products, and
interference with recombination reactions."”’

Nitroimidazoles are efficient under hypoxic conditions,
which further support their bioactivation mechanisms by sin-
gle electron reduction, a process in strong competition with
oxygen reduction under normoxic conditions (see Fig. 7)."""
The single electron reduction may be induced by electron
transfer'’? in applications such as antibiotics or antiparasitics,
while direct attachment of LEEs may be responsible for their
activation during radiotherapy.”® The genotoxicity can be then
induced by the nitro anions, reactive oxygen species or redox
reaction intermediates. The remaining problem is that the
most important mechanisms of genotoxicity have not been
identified yet, despite very systematic studies on a range of
compounds.'”*'”* Only a full understanding of the nature and
reactivity of nitro anions formed after LEE interaction will
enable rational design of new radiosensitizers and possibly
also more efficient antibiotics.

3.1 Imidazole

Similar to pyrimidine bases, imidazole contains N-H bonds
prone to dissociation upon low-energy electron attachment. In
the unsubstituted imidazole, the N-H bond strength is high
and therefore DEA can occur only at energies above 1 eV via n*
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Fig. 7 Different radiation chemistry of nitro group under hypoxia and
normoxia. While under normoxic conditions single electron reduction is in
strong competition with the reduction of oxygen, under hypoxia multiple
electron reduction occurs leading to a variety of reactive radical species.
Reproduced from ref. 171 with permission from Springer Nature, copyright
2012.

resonances. Electron attachment, however, can occur also via
low-lying VFRs due to the high dipole moments of azoles (e.g
3.67(5)D for imidazole).'”® Such attachment is also discernible
from the electron transmission spectroscopy.'”® Competition
between electron auto detachment, DEA, and valence anion
stabilization for these VFRs is then controlled by the functional
groups attached to the ring as will be discussed for particular
derivatives. Another important similarity to pyrimidines is in
the strong coupling of * and n* states,'”” which is an impor-
tant characteristic of the CN-H moiety.?®

Imidazole loses hydrogen via shape resonances in 1.5-4 eV
range,"’®'”® presumably upon electron attachment to the
LUMO and LUMO+2 orbitals.’””'7?*8° In isoxazole addition-
ally, O-N bond can be cleaved at energies as low as 1.5 eV
leading to the ring opening.'®"'®> At higher energies, core
excited resonances can be identified in the 6-11 eV range also
leading to the N-O bond cleavages and ring opening in
imidazole'”® or isoxazole."®" An important process observed is
multiple hydrogen cleavage at low energies that must be
accompanied by hydrogen molecule formation."”*'”® The fun-
damental electron attachment properties of the imidazole ring,
its propensity to be opened or fast hydrogen migration across
the ring all transform to the LEE-induced chemistry of more
complex models of imidazole-based radiosensitizers.

3.2 Nitroimidazole

A range of nitroimidazoles has been studied as model com-
pounds for electron-affinic radiosensitizers. In the systematic
DFT exploration and electrospray experiments of Feketeova
et al.'® eight derivatives were studied. For all the studied
compounds, the most stable anion structure has the additional
electron localized on the nitroimidazole with only negligible
effect from the other functional groups. Fig. 8. The SOMO
energies are influenced only by the nitro group position on
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Fig. 8 M062x/6-311+G(d,p) optimized structures of radical anions and
their SOMOs reproduced from the work of Feketeova et al'®s with
permissions from Elsevier, copyright 2014. We can see that in these
compounds, the electron is always localized over the imidazole ring and
while the nitro group position shifts the SOMO energy levels, the other
substituents have practically no influence. Single occupied molecular
orbital SOMO, forms upon electron attachment into the lowest unoccu-
pied orbital (LUMO) of the neutral precursor molecule. The effects of the
substituents can be expected for attachment at higher energies due to the
often observed additive effect of electron attachment 18418°

the ring. As a result, the adiabatic electron affinity of 4- and
5-nitro imidazole have values around 1.3 eV, while that of
2-nitroimidazole is more than 0.6 eV lower. Despite that,
fragmentation induced by LEEs to 2-nitroimidazoles is richer
than that of the 4- and 5-nitroimidazoles.

In all nitroimidazoles, the most intense DEA channel is
the release of neutral OH. The second, still exothermic, channel
is NO release and the third is hydrogen release. The nitro group
is strongly bound to the ring and therefore cross section for the
nitro C-N bond cleavage via both NO, ™ or (M-NO,)™ channels is
observed in a shape resonance around 3 eV. An additional
fragment appears in 2-nitroimidazole due to the release
of a neutral water molecule. The calculated reaction barriers
for this process are practically isoenergetic for 5- and 2-
nitroimidazoles,'®® and therefore exclusive observation of this
channel for 2-nitroimidazole is quite surprising. Either the
channel is closed in 5-nitro derivative due to the dynamical
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restraints or the anion product may differ from that predicted
by calculation. In the first case, one can imagine a two-step
process. In 2-nitroimidazole oxygen interacts with hydrogen at
position 1 and position 2 to form water, in 5 nitroimidazoles,
upon the interaction with hydrogen at position 1, the formed
OH and hydrogen at position 4 will be separated by the
remaining NO group at position 5 of the molecule preventing
the fragmentation. In the second case, e.g. ring opening iso-
merization of the formed anion may be energetically more
favorable upon 1,5 dehydrogenation in contrast to 1,4 dehy-
drogenation, which can influence the reaction enthalpy as
well as the lifetime of the formed anion with respect to the
autodetachment.

Another interesting observation for nitroimidazoles is that
methylation of N1 hydrogen suppresses the fragmentation of
molecules below 2 eV.'®”'8 Methylation of hydrogen sites is
quite a common approach used in fragmentation studies to
assign dissociation sites."®*°* In the case of nitroimidazoles,
however, the methylation on the N1 position closed all frag-
mentation at energies below 2 eV.'®” This is clear for channels
relying on N1-H dissociation such as OH release, but the
influence on the NO or NO, ™ release is not straightforward. 2
processes have to be separated at these energies.

The first is m* resonance, identified theoretically."*> The
lifetime of the resonance with respect to autodetachment is
significantly lower upon methylation at the N1 site. The result
is the disappearance of the resonance from fragmentation but
also from the parent anion spectra. Autodetachment is faster
than anion detection.

The second region of energies is below 1 eV, where strong
VFRs result in the release of NO. This channel is closed upon
methylation and a stable anion is formed, which can have
several explanations. The first is the change in the molecular
dipole moment and the size of the dipole-bound state. These
effects on dipole-supported states were explained by Desfra-
ncois and co-workers.'*® A decrease of the dipole moment due
to the methylation can result in a lowering of the affinity for the
VFR.' For small molecules important effect can have also an
increase in the molecular size. For larger molecules, the mole-
cular core potential is better shielded and the probability of
electron attachment is lower. On the other side, the polariz-
ability, also influencing the VFR formation, can be larger, and
therefore, the interplay of these effects on VFRs should be
carefully explored from one case to another. In the discussed
case of methyl-4-nitroimidazole the dipole moment is huge,
larger than that of the bare 4-nitroimidazole 8.50 D vs. 7.78 D
and the molecules are relatively large, the addition of the
methyl does not have a significant effect on molecular size.
Probability for the formation of VFRs is therefore not influ-
enced what is reflected in a strong signal of the molecular
parent anion at near 0 eV energy.

The nitro group fragmentation via VFRs therefore must be
influenced on the side of the outgoing - dissociative channel.
Either it is the hydrogen migration upon DEA and NO release
that can result in the formation of hydroxyl form of (M-NO)~
anion instead of carboxyl form in 4-nitroimidazole but not in
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the methyl-4-nitroimidazole or methylation stabilizes the par-
ent anion by a different mechanism, such as the ring opening.
Additionally, all these molecules are studied upon sublimation.
At such conditions, different propensities of molecules for
dimerization can result in a surprising parent ion stabilization,
particularly in the case of VFRs. This was observed e.g. in the
case of pyruvic acid.'”

Nitroimidazoles efficiently attach electrons also in the
energy region of core excited resonances above 6 eV. However,
practically no DEA fragmentation is observed at these high
energies. In the study of a model compound 1-methyl-5-
nitroimidazole, it was suggested that dissociation into two
neutral fragments may occur at these energies, pointing out
the importance of the studies of neutral dissociation products
upon electron attachment.®® The total scattering cross section
at low energies was complemented by differential and DEA as
well as ionization cross sections in the follow-up publication."*®
We would like to add that in complex environments the core
excited resonances may play an important role irrespective of
the dissociation as they can act as doorways for electron
transfer (Fig. 2c) discussed in the introduction.

3.3 Metronidazole

The formation of negative ion intermediates of metronidazole
during pulsed radiolysis was already identified in the 1970s by
the ESR study of Willson.'®” The fundamentals of LEE interac-
tions with the molecule isolated in the gas phase and in the
microhydrated environment were, however, explored only
recently."® Electron attachment spectroscopy of isolated and
microhydrated molecules shows that irrespective of the
environment the molecule forms a stable parent anion in
agreement with the early pulsed radiolysis studies. Main DEA
reaction channels include the release of NO,” and OH . While
the first channel is strongly quenched in the water environ-
ment, OH  may be still observed as a minor channel upon
hydration.

3.4 Nimorazole

Nimorazole interacts with low-energy electrons in two main
energy ranges. Strong near 0 eV resonance results in the
formation of a stable parent anion. Nimorazole has a large
adiabatic as well as vertical electron affinities of 1.31 eV
and 0.82 eV, respectively.'®® The reported cross section of 3 x
107*® cm? indicates S-wave electron attachment. However, the
bump at 0.2 eV in the parent anion yield measured in the same
work and structure corresponding to the negative electron
affinity of 0.4 eV in the electron transmission spectrum in
collisions with K" ions'® indicate that also VFRs are present,
in line with the VFR feature in the electron transmission
spectrum of imidazole.'”® The adiabatic electron affinity is still
not enough for imidazole ring opening or significant molecular
rearrangement and the anion is primarily stabilized by intra-
molecular energy redistribution in the gas phase or intermole-
cular energy transfer in the solvent.”® At higher energies a rich
fragmentation pattern can be observed via shape resonances in
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Fig. 9 Caging of DEA fragments of nimorazole studied in the molecular
beam of microhydrated molecules. Hydration (average number of water
molecules attached to nimorazole neutral precursor) rises from top to
bottom and from left to right. The red curve represents the ion yield of the
parent anion M~, blue curve represents the ion yield of NO,™ after the
cluster interaction with LEEs at energies shown on the x-axis. Increasing
hydration, the peak of NO,™ at ~3 eV disappears, while the M~ signal
appears at the same energy demonstrating the “caging effect” of the
environment on the DEA reaction. A drop of the near O eV signal of the
parent anion is caused by the fact that at higher hydration, the energy
gained in the electron attachment is not enough to evaporate all water
molecules from the cluster and M™.(H,0), cluster anions are produced
instead of M. Reproduced from ref. 76 with permission from Springer
Nature, copyright 2019.

the 2 eV to 4 eV energy range. The only significant signal is,
however, observed for NO,~ anion.>*°

The work of Meifdner et al.”® is particularly important for
demonstrating the caging effect of the environment on the
DEA. In microhydrated water clusters, electron attaches to the
same resonances of the nimorazole as in the isolated system.
However, these resonances are no longer dissociative but lead
to the formation of stable parent anions as shown in Fig. 9.
With the rising number of water molecules, covering the
nimorazole in the neutral precursor cluster, nimorazole parent
and heterogeneous nimorazole-water cluster anions were
reported for the same electron incident energies as observed
for the dissociative shape resonances in the gas phase.

The stabilization of the nimorazole parent anion upon
single electron reduction was recently confirmed by
cyclic voltammetry in bulk water.”** However, also 4 electron
reduction was reported resulting in the hydroxylamine deriva-
tive formation at specific conditions. Except for the confirma-
tion of the relevance of cluster studies for the LEE-induced
chemistry in the bulk, the work also expresses the need for
extending the studies with microhydrated molecules to other
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solvents as well as towards the multiple electron reduction
experiments.

3.5 Misonidazole

Pulsed radiolysis studies of misonidazole were performed in
1980’s reporting a high rate constant for interaction with
solvated electrons 2.5 x 10'® M~* s *.2°2 The products of such
interaction as well as the interactions with LEE electrons in the
(0-10 eV) can be understood based on the experiments in the
gas phase®®® and the microhydrated environment.>** Similar to
imidazole, two energy ranges for electron attachment have been
identified, where the 0 eV attachment leads to the formation of
parent anion while 2-4 eV shape resonances lead to the variety
of the fragment anions dominated by the NO, bond cleavage. In
contrast to nimorazole, MISO fragmentation upon interaction
with LEEs seems not to be fully suppressed by hydration, but
OH™ channel remains open. This may be caused by the
preferred hydration of the MISO over the hydroxyl group and
predissociation as supported by theoretical calculations in
the work.”** Computational modeling also reveals that TNI
fragmentation via OH loss can be accompanied by significant
rearrangement of the neutral counterpart forming ring struc-
tures and increasing the exothermicity of the process in
solution.

4 Organometallics

Most of the organometallic cancer chemotherapeutics (Fig. 10)
are designed to bind covalently to the DNA or intercalate,
resulting in inter- and intrastrand crosslings or secondary
structure distortions. The most studied organometallics con-
cerning chemo-radiation therapy are platinum compounds®’®
due to the initial success of cisplatin (CDDP). CDDP releases Cl
atoms in a water environment becoming reactive towards DNA
where it forms preferentially guanine adducts**® and intra-
strand crosslinks with high susceptibility for further reaction
to form DNA-protein®®’ or guanine-cytosine crosslinks.>*®
These interactions strongly interfere with the DNA repair
mechanisms that are accepted as one of the leading explana-
tions of the CDDP mechanism of action.”*

Concerning the low-energy electrons, the most interest is in
synergism observed for the CDDP and radiation therapy. The
synergism can also be caused by the CDDP involvement in the
DNA repair pathways in the biological stage of the tissue
interaction with ionizing radiation. However, if the synergism
occurs already during the physicochemical stage of the
interaction, the tiny effects may result in significant radio-
sensitization on the biological timescales.® Therefore, the fun-
damental reactivity of low-energy electrons towards CDDP and
its DNA adducts has been under investigation for more than
15 years. The first suggestions on the LEE involvement in CDDP
synergism came from the works of Q. B. Lu and coworkers,
demonstrating fast electron transfer from guanine base to
CDDP within its single covalently bound DNA adduct. Such
transfer can result in Cl~ release having two possible
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Fig. 10 Radiosensitizers from the group of organometallics and model
compounds, whose reactivity with LEEs is discussed in the text: cisplatin
(4.1), PtBr; (4.2); PtBr, (CO), (4.3); titanocenes (4.4). The red line marks the
bond broken in the most intense DEA reaction of the molecule identified
for the isolated molecule, and the blue line the dissociation for a solvated
molecule. The minus sign marks the anionic DEA fragment.

sensitizing effects, increasing cross-linking efficiency for the Pt
adduct and reactivity of the formed CI~ anion.>'° Several follow-
up works in the Q. B. Lu group were devoted to these mechan-
isms including suggestions for novel chemo-radio therapy
combinations.>'*"* In the L. Sanche group, the direct action
of LEEs was investigated mainly in the drug-loaded DNA thin
films in the surface experiments with ballistic low-energy
electrons in vacuum’’ and in the simulated environment.**?
However, also a series of studies was performed in realistic
conditions of plasmid DNA in buffer solutions, where the
electron effects were disentangled by the suppression of the
radical chemistry by scavengers. (e.g. ref. 214 and 215).

4.1 Cisplatin

The only gas phase study of electron attachment to isolated
cisplatin is that of Kopyra.>'® CDDP strongly attaches near 0 eV
electrons resulting in a range of products in decreasing prob-
ability order Cl™, [Pt(NH;3),Cl| ™, [Pt(NH3),] ", Cl,~, and NH, .
Particularly the fact that a single electron can induce dissocia-
tion of both Cl to Pt bonds and form a reactive cross-linking
intermediate [Pt(NH;3),]”. The mechanism of multiple bond
cleavages can be operative also in cases when CDDP is already
bound to the DNA. Additionally, the single dehalogenated
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fragment [Pt(NH;),Cl]~, which is formed in the second most
intense channel of DEA, is highly reactive towards DNA.*"”

Most of the later studies focus on creating the links between
LEE-induced processes and chemo-radiation therapy by studies
of cisplatin-modified DNA. For example in the study of Bao
et al., five monolayer DNA films were irradiated with and
without cisplatin showing approximately doubling of the
damage in the 3 eV to 19 eV range. Most important is the
observation of a single electron induced double-strand breaks
in the incoming electron energy range of 1.6 to 3.6 eV, which
was not present in the unmodified DNA.>'® The work of Rezaee
shifts the LEE damage limit much lower, to 0.5 eV energies
causing both single and double-strand breaks and enhancing
the formation of DNA lesions.>'® In a later work, absolute cross
sections for the damages were determined for 5 monolayers of
DNA irradiated in vacuum at resonance energies 4.6 eV and
9.6 V. At 4.6 eV, 244 + 42 x 10~ "> damages per electron and
molecule were reported, while at 9.6 eV, 359 £+ 44 x 107"
damages per electron and molecule.?*® Clustered damages in
DNA were reported in 5.6 €V to 10 eV range, while no clustered
lesions are observed at LEE energies below 5 eV.>*! This energy
dependence, also shown at Fig. 11, demonstrates how impor-
tant is to know the details of LEE interaction including the
initial state of the TNI related to the energy of the incident
electron as well as the evolution of the TNI.

An important set of experiments was performed also on DNA
oligomers by Behmand and co-workers. In the first work,**?
TTTTTGTGTTT and TTTTTTTGTTT oligomers loaded with
CDDP were irradiated by gamma rays in solutions with EDTA,
scavenging the OH radicals and enhancing the effects of
solvated electrons. The work demonstrated the solvated elec-
tron damage at the CDDP site. In the follow-up work,?** HPLC
MS was employed to elucidate more details on the mechanism
of the damage. The process was described as an initial electron
attachment to thymine followed by electron transfer to CDDP
and base or cisplatin release. The same approach was used also
in the third work on the topic,”®" studying shorter GTG
sequence demonstrating the catalytic effect of cisplatin on
the reactivity with solvated electrons. CDDP presence increased
the rate constant for interaction with solvated electrons
from (7.4 x 10° mol™' L s ') for bare GTG oligomer to
(2.23 x 10" mol ™' L s') for GTG-CDDP complex. Similarly, a
strong enhancement was observed also for double-stranded
oligomers showing an increase of the reaction rate from 2 x
10° mol ™" L s7' to 7 x 10° mol™" L s'. Additionally, the
transformations of intra- to interstrand crosslinks were identi-
fied for CDDP-modified strands using gel electrophoresis.>*

Despite a high number of studies in solution, the gas phase
studies with Pt-based organometallics are scarce. The reason
behind this is the weight of the Pt atom and the low decom-
position temperature of organic ligands. If the molecule is not
directly designed for sublimation, there is a high probability
that it will thermally decompose before sublimation. Therefore,
the gas phase experiments with these compounds are very
complicated and as most of the experiments focus on the anion
products, it is also hard to identify, if the attachment occurred
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Fig. 11 Enhancement factors for different types of DNA damages from
the ratios of damages for cisplatin—DNA to those of unmodified DNA as a
function of the energy of incident electron reproduced from the work of
Dong et al.??! with permission from American Chemical Society, copyright
2020. We can see that cisplatin enhances all types of damages at all
studied energies showing that there is a constant enhancement compo-
nent introduced by cisplatin such as enhancement of LEE scavenging,
enhancement of access sites or enhancement of the deposited energy.
At the same time, we can see that at some energies the enhancements
are more pronounced, demonstrating also resonant — LEE related
contribution.

to the parent anion or a part of the molecule formed during
thermal decomposition. This requires either detailed studies of
temperature dependencies or detection of neutral by-products
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as already mentioned several times, ideally in the coincidence
regime. Few other organometallic compounds were therefore
studied to better understand the chemistry of CDDP as
well as the details of the chemo-radiation synergism. The
examples are.

4.2 PtBr,

Radiosensitizing potential of this compound was identified in
the work of Smiatek et al.,>** by evaluating damage enhance-
ment in plasmid DNA upon X-ray irradiation. The DEA reaction
results exclusively in the formation of Br~ anions.’”” Three
resonances were observed in the spectrum. The most intense
signal at 0.4 eV was assigned to the impurity of HBr as a
possible product of PtBr, reactions with residual water in the
inlet system since the strong temperature dependence of its
signal did not correlate with the other observed features in the
spectrum. It is worth noting that such behavior of near 0 eV
cross section is not uncommon,>*® even though the impurities
are a significant issue in the electron attachment spectroscopy
of halocarbons.””® Based on DFT calculations of reaction
enthalpies, the signal peaking at 1.2 eV and 7 eV was assigned
to DEA reactions leading to PtBr and Pt+Br neutral co-products.

4.3 Pt(CO),Br,,Pt(CO),Cl,

Modification of organometallics by carbonyl groups represents
a common way of increasing sublimation efficiency, mainly for
applications in charged particle beam-induced deposition. The
present study demonstrates that such modification can signifi-
cantly influence also the DEA dynamics. For previously dis-
cussed PtBr, and CDDP, the primary DEA channel is leading to
the formation of halogen anion. Both carbonyls Pt(CO),Br,>*°
and Pt(CO),CL,>*" lose primary the CO ligands, despite the
exothermicity of halogen anion formation channel. The pro-
vided explanation is based on the different orbitals available for
electron attachment. While the LUMO of CDDP or PtBr, has ¢*
antibonding character LUMO of the carbonyl compounds have
n* character that additionally do not allow energy flow to the
Pt-halogen vibration due to the symmetry restrictions. CO
ligands can provide an effective energy sink via C-O stretches
as shown for Fe(CO)s, prolonging TNI lifetime over several
vibrational periods. As a result the PtBr, and CDDP fastly
dissociate in a direct non-ergodic process, while the dissocia-
tion of carbonyl molecules will be probably more ergodic. It
would be interesting to theoretically explore the interplay using
time-dependent molecular dynamics approaches.

These studies of seemingly unrelated compounds bearing
carbonyl ligands provide an important insight into the funda-
mental mechanisms of CDDP dissociation with possible con-
sequences for the design of CDDP analogs. Most of the CDDP
successor compounds suggested so far are complex molecules,
where the direct dissociation upon single electron reduction
can be quenched by energy dissipation into internal degrees of
freedom. In other words, a significant portion of energy avail-
able upon single electron reduction is consumed by heating of
the molecule rather than its fragmentation. Pt molecules,
where such energy dissipation is minimized and direct bond
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Fig. 12 Other small molecule radiosensitizers discussed in the text:
fluorodeoxyglucose (5.1), hydroxyurea, (5.2) and 3-bromopyruvic acid
(5.3). The red line marks the bond broken in the most intense DEA reaction
of the molecule identified for the isolated molecule, and the blue line the
dissociation for a solvated molecule. The minus sign marks the anionic
DEA fragment.

cleavage is possible may be promising radiosensitizers. Indeed
the high radiosensitizing potential of PtBr, reported by Smiatek
and co-workers>*® supports this hypothesis.

4.4 Bis(pentamethylcyclopentadienyl) titanium(iv) dichloride
and difluoride

The idea behind the study®®” is to separate LEE processes from
ionization processes in realistic conditions by designing selec-
tive probes for such processes. Out of the two molecules, the
dichloride efficiently dissociates by the release of C1~ while the
difluoride anion signal upon electron attachment is dominated
by the parent anion. At the same time, the ionization cross
section is controlled by huge pentamethylcyclopentadienyl
rings and it is similar for both molecules. Upon distribution
into the environment, ClI~ formation can be used as a selective
probe for electron attachment and therefore contribute to the
evaluation of absolute numbers for the reactions of secondary
LEEs in radiation chemistry and chemo-radiation synergism.

5 Other small molecules

LEE reactions of several other small molecule radiosnesitizers
were explored, such as the ones shown in Fig. 12.

5.1 Fluorodeoxyglucose

Fluorodeoxyglucose, which is commonly used in tumor ima-
ging in its F18 form is an example of a sugar with high reactivity
towards LEEs. Electrons lower than 2 eV can cause the decom-
position of FDG and it leads to 7 anions out of them, C;H;0,
has the highest yield. Dissociation of HF is less energetic
demanding than dissociation of F~. Therefore, F~ is forming
only a minor DEA channel. However, the formed TNIs can
decompose via a large number of dissociating channels includ-
ing ring opening and reactions leading to the formation of
neutral molecules, such as H, O, H,, HF.?**

5.2 Hydroxyurea

Upon administration in living organisms, hydroxyurea effi-
ciently creates nitric oxide in a set of one to three electron redox
reactions.”** Nitric oxide inhibits ribonucleotide reductase
enzyme, as discussed for nitroimidazoles, which is believed to
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be the primary mechanism of action.>*> However, other reactive
species can also be formed such as hydroxylamine or hydrogen
peroxide, which are genotoxic.** The need to understand
multiple electron reduction as well as the involvement of
electron affinic radiosensitizers in DNA repair was already
mentioned in several places within the review.

Hydroxyurea has a large dipole and therefore it can attach
electrons via VFRs.?*” However, the parent anion is unstable
and fragments due to the high electron affinity of its compo-
nents. The most intense anion reported is NCO™. The electron
attachment spectrum shows three peaks at 0 eV, 0.1 eV, and
0.4 eV, which is not typical for the vibrational structure that
should be in this region distributed approximately equidis-
tantly. On the other side, Therefore an explanation for the
structure was based on the possible attachment of the electron
into three different conformers of the molecule that could be
present in the gas phase. The process discussed e.g. for amino
acid serine.>*® Other fragments are produced via shape reso-
nance peaking at ~2 eV (M-H)", (M-OH)", (M-H,0) ,CN)
and core excited resonance ~6 eV ((M-H,0), NH, , OH,
CN7). No hydroxylamine was observed upon LEE. It wil be
definitely interesting to explore how hydration changes the
hydroxyurea reaction dynamics.

5.3 3-Bromopyruvic acid

3-Bromopyruvic acid is similar to the discussed nitroimidazoles
active in hypoxic cells. The believed mechanism is via inhibi-
tion of glycolytic pathway enzymes.>*° These are more pro-
nounced in tumors due to hypoxia. Under normoxia, the
energy is gained via ATP phosphorylation. It is worth mention-
ing that electron transfer reactions play an important role in
both hypoxic and normoxic glycolysis,>*® which may have
consequences for the secondary LEE effects on the cell viability.
Electron attachment 3Br pyruvic acid is dominated by strong
Br~ ion yield at near 0 eV energies,**" which corresponds to the
s-wave attachment and exothermic dissociation (ref. (Fig. 1a)).
This is in strong contrast to pyruvic acid, where VFRs are
observed with only a short lifetime with respect to autodetach-
ment and therefore they are detected only upon anion stabili-
zation in a three-body process.'®® This strong enhancement of
the electron attachment cross-section by Br substituent was
proposed as one of the possible mechanisms of radiosensitiza-
tion by 3-bromopyruvic acid.

Another important observation is a strong shift in the
electronic excited states of the anion due to the presence of
bromine. While in pyruvic acid, the core excited resonances
peak above ~6 eV, in 3-bromopyruvic acid it is at under 5 eV.

6 Conclusions and perspective

A large number of radiosensitizing molecules has been studied
concerning LEE interactions during recent years. Studies for
DNA base components, nitroimidazoles, and organometallics
already demonstrated the variety of interaction regimes with
LEEs and suggested some important mechanisms that can
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contribute to the high efficiency of these compounds in con-
comitant chemo-radiotherapy. While DNA bases or platinum
compounds decompose exothermically in processes that
often cannot be prevented by energy transfer to the environ-
ment, nitro-azole decomposition is more energetically
neutral and their anions often stabilize in the environment.
DEA therefore does not provide the only explanation of the
fundamental radiosensitizing mechanism by electron
affinic radiosensitizers. The overview of so far suggested
mechanisms is in Fig. 13 To provide real societal impact, these
mechanisms need to be evaluated on more complex biophysical
models.

For example, in the molecular physics community, enor-
mous focus is given to DNA interactions and damage. This is
natural since DNA damage is the most lethal form of cellular
damage. On the other hand, life evolved in an environment
with a relatively high radiation background, and therefore,
various mechanisms exist in living organisms to mitigate
radiation damage to DNA.>**> Instead of focusing on DNA
damage, as something expected by the organism, we should
focus on the less expected changes in the cellular environment.
When exploring the effects of the three types of molecules
reviewed here, each of them is actively influencing the
DNA repair processes. The role of LEEs in the repair process
is practically unexplored. For that, a crucial point will be
to involve the repair enzymes in more complex studies
in a realistic environment. On the level of DNA in bulk solution,
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one can use timeresolved absorption spectroscopy’*® or
state-of-the-art X-ray crystallography.>****> Another approach
is to design complex architectures for single-molecule
experiments.**® One such architecture, the DNA origami frame
developed by Endo et al. was already demonstrated to be
suitable for enzyme interaction studies.(e.g. ref. 247).

Further directions of complex biological pathways that may
be explored concerning the evolution of the negative ions and
radicals produced by secondary LEEs on chemical and biologi-
cal timescales of radiation interaction with radiosensitizing
compounds are shown in the red box of the Fig. 13. Except
for the mentioned DNA repair processes these include effects
on the cellular membrane or metabolism that are practically
unexplored and will require in vitro biophysical and biochem-
istry studies.”*® Another direction is the higher-order structure
of DNA. In this direction, the telomeric sequences are in the
focus at the moment.>****°

The suggested studies of biological consequences can pro-
vide guidelines for selecting relevant targets for LEE interac-
tions on the molecular level. Only systematic experimental
studies on the molecular level, which can be well complemen-
ted by computational modeling, can provide the level of under-
standing required for reaching the ultimate objective of all
these efforts - providing the base for the rational design of
novel chemo-radiotherapy agents. The basic needs that we
identified are visualized in Fig. 14 and in this section, we will
describe them in more detail.
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Fig. 13 Different mechanisms proposed for radiosensitising and synergistic effects of LEEs with derivatives of DNA components, nitro azoles and
organometallics. So far the research has focused on direct DNA sensitization towards the LEEs by enhancement of base excision, mutations, crosslinks,
single and double-strand breaks, or clustered damages as depicted in the central green box of the image. The combined action of LEEs and the
radiosensitizers on the other cellular mechanisms is practically unexplored. LEE based radiosnesitizers can form negative parent ions or reactive species
that can influence repair enzymes, electron transfer chains through cellular membranes, interact with membrane lipids and proteins, modify the higher
order structure of DNA or enter into mitochondrial and other cell metabolism processes. Exploration of these processes will require further extension of

molecular physics experiments towards biochemistry and biophysics.

This journal is © the Owner Societies 2024

Phys. Chem. Chem. Phys., 2024, 26, 9112-9136 | 9127


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D3CP06003A

Open Access Article. Published on 15 February 2024. Downloaded on 1/9/2026 5:40:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

1. multiple electron reduction

View Article Online

Perspective

A

2. absolute cross sections and reaction rates / L

3. environmental effects including energy

and charge transfer

4. neutral dissociation

£ \\

/[

5. DEA

Fig. 14 Suggested experimental research directions for exploration of LEE interactions with model radiosensitizers. Interplay between the needs and
current state of the art can be visualized by a pyramid, where the importance decreases from the top to the bottom of the pyramid, while the present
number of the studies is represented by the area of the corresponding level of the pyramid.

6.1 Multiple electron reduction

Studies with isolated molecules or clusters are performed for
singly charged species. Complex molecules can undergo multi-
ple electron reductions, particularly in an environment, where
the singly charged TNI can be stabilized by energy transfer to
solvent. Multiply-charged anions in the gas phase attracted
significant interest in 1990s and 2000s.>">** Their preparation
using the electrospray or sputtering technique is straightfor-
ward and state of the art time resolved photoelectron spectro-
scopy can already reveal intringuing details of state to state,
oxidation or dissociation dynamics of these species.”>>™>*’

Here we suggest that in addition to studies of these stable
species, the field will profit from studies mimicking the multi-
ple electron reduction and therefore performing step-by-step
electron attachment, ideally in a time-resolved manner. While
some information about the process can be revealed from
voltametry®®" the details of the dynamics can be revealed only
by performing step-by-step attachment of electrons, similar
to the pioneering experiment with Cg, of Compton and
coworkers.>*®

6.2 Absolute numbers for LEE formation and reaction rates

The number of works studying absolute numbers for LEE-
induced reactions in complex biomolecular systems is low
(see e.g. ref. 259) and the number of studies including radio-
sensitizers is even lower. Examples include surface experiments
on DNA origami templates in vacuum,®2°*?** in controlled
environment,>**??° or bulk.>*® While the measurements of
absolute cross sections for LEE interactions of isolated mole-
cules is straightforward, the number of parameters influencing
the reactivity in the more complex environment is high and
needs to be carefully analysed.>**

The most promising approach seems to be pulsed radiolysis,
where, however, the LEE reactions are generally induced by
high-energy radiation. The disentangling of LEE contribution is
not straightforward. Either the laser-induced electron transfer
has to be used as in the seminal works of Q. B. Lu, or the
environment has to be precisely controlled by modifying

9128 | Phys. Chem. Chem. Phys., 2024, 26, 9112-9136

electron scavenger (such as oxygen), or radical scavenger
(such as tris) content. (e.g. ref. 134, 222, 263 and 264). However,
the experiments must be perfromed with care about the the
LEE-induced chemistry of buffer components to avoid
misinterpretations, %2626

Another possible approach can be quantitative electron-
induced fluorescence.”®” A properly designed fluorescent probe
requiring singlet to triplet excitation by LEEs to induce fluores-
cence can be irradiated by LEEs in realistic environments e.g. in
liquid jets.>¢>2¢8

Two approaches to LEE-induced processes come from the
field of aerosol research. In the first approach, a photoelectron
is produced inside homogeneous or heterogeneous aerosol by a
tunable wavelength light source and escapes the aerosol.”***”°
Combination of this approach with biomolecular doping and
advanced anion detection techniques may provide new insight
into transient anion formation as well as dynamics. The second
approach already significantly contributed to establish the
links between the radiation chemistry in bulk and the for-
mation of transient negative ions. In the experiment, a high-
energy ionizing particle interacts with aerosols containing
molecules of interest, and negative ions are analyzed using
mass spectrometry.”’! The technique was already applied to
several biomolecular targets.””>">”* Adaptation of these techni-
ques for absolute data measurements would be beneficial.

The methods to prepare and study LEE-induced processes at
biologically relevant conditions are the subject of recent reviews
of Gao and co-workers>”” or that of Alizadeh and Ptasinska.>”®

6.3 Environmental effects

The reviewed experiments are on a limited set of molecular
systems that cannot reproduce the complex radiation chemistry
in biological buffers. We need to experimentally explore a
much larger amount of solvent, counter ions, or cellular
components, such as DNA-peptide or lipid TNI formation,
and their dynamics in various solvents.

There is an ongoing discussion about shifts of the electron
attachment resonances in the presence of a solvent.?’””>’ For
some systems, the shifts can be identified using photoelectron
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spectroscopy.
zers, the anions often undergo DEA, TNIs are pre-dissociated or
they undergo isomerizations. In such cases, the stable anion
states, which can be used for photoelectron spectroscopy, do
not correspond to that of the anion forming in the vertical
attachment process. For some systems, this can be solved by
electron transfer photoelectron spectroscopy.’’ However, the
most straightforward approach to probe the energetics of
the initial electron attachment states will be a combination of
the state-of-the-art sources of neutral cluster beams with elec-
tron sources having high energy resolution.

Another important issue is the stability of the molecular
anions in the solvent. The cluster experiments, with relatively
large water clusters, demonstrated that the initial resonant
states correspond to that of individual solvated molecules
rather than to the electron attachment to the water cluster via
polarization interaction (e.g. Fig. 9).”° However, there exists a
theoretical prediction that in some systems the attachment or
transfer of the electron to the solvent®®*%** may be very
effective. Except for the energy sink, the environment can
provide an electron sink. In cluster beam experiments, we can
probably explore the limits of the cluster size, at which the
interaction with solvated molecules is completely shielded.
Such information can be compared with the minimal molecu-
lar concentrations required to observe LEE effects in realistic
environments. Important is to understand that while electron
affinity is a characteristic of a single molecule, the potential
well that traps the solvated electron requires the rearrangement
of several molecules, and therefore even the adiabatically
exothermic processes are often not barrierless. Anion lifetime
and charge transfer to solvent studies using state of the art
spectroscopy in gas phase or bulk can provide better insight
into this interesting topic.

6.4 Neutral detection

The need for the studies of LEE processes in biologically
relevant molecules was already well defined by Ptasinska
et al.*®® The detection of neutrals is important for the process
of neutral dissociation upon electron impact as well as
for dissociative electron attachment.1 In the first case,
various techniques were developed historically from electron
energy loss-based approaches used mainly for diatomics to
electron-induced fluorescence measurements performing well
at higher energies, where electronically excited fragments are
forming.”®**® Interesting can be a combination of the fluores-
cence technique with coincidence measurement of the out-
going electron, since the outgoing electron will provide
information about the initial dissociative state while photons
the final state of the dissociated fragment.

In the case of DEA process, except for the detection of
neutral itself, as performed in the current state-of-the-art
experiments,*°>°! it will be beneficial to have the option to
perform a detailed analysis of the neutral products. Only in
such a way the complex rearrangement (e.g. ref. 204 or neutral
molecule"”) formation mechanisms could be unambiguously
identified. Considering the low densities of the products

This journal is © the Owner Societies 2024
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formed upon DEA, this will probably require sensitive laser
based techniques such as the resonance-enhanced multipho-
ton ionization, as employed e.g. in the electron-induced
desorption studies of Lane and Orlando.>**

6.5 DEA

The number of DEA studies with radiosensitizers is significant
and some general trends in the dynamics were already over-
viewed in the present perspective. However, we are still missing
systematic studies on larger sets of molecules.

Particularly interesting could be studies of azole derivatives.
While the field focuses on imidazoles, there are also other
molecules with azole ring having radiosensitizing potential.>**
They form specific stacking interactions and they are intensely
used in the drug design due to their biomimetic nature as well
as because azoles are the product of several click chemistry
reactions®®* widely used in the modern drug design.”*> Except
for the better understanding of the radiosensitizing properties
and possibly giving guidelines for the rational design of
chemo-radiotherapeutics, the ring opening attachment can
provide a way for selective modification of bonds created by
click chemistry.

Another possible field of interest are organometallic com-
plexes. Practically, the only thoroughly explored molecule is
CDDP, few attempts for resembling LEE processes in solution
exist for the CDDP analogs.””*'*?°® However, there are
many other organometallic molecules with promising radio-
therapy applications,*®” particularly these are ruthenium arene
complexes.?6%2%8

The suggestions described in this part can be summarized
in three directions. The first is the absolute numbers for the
LEE-induced reactions that will allow unambiguous identifi-
cation of the most relevant processes in chemo-radiation
synergism. The second is the evolution of the TNI to under-
stand not only the energetics of the processes but also the final
products of LEE interaction in realistic environments upon
electron transfer and multiple electron reduction. The third
direction should focus on establishing more rigid connections
between the initial LEE-induced processes occurring in the
physico-chemical stage of ionizing radiation interaction and
their biological consequences. For that, more active collabora-
tions between physical chemists, biophysicists, and/or bioche-
mists will be required.
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