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Abstract

Radiotherapy is the major curative therapy for carcinogesis. Identifying the effective species
that induce DNA damage under ionizing radiation holds the key to improve and advance
radiotherapy. In a cellular environment, most of the radiation energy is absorbed by water in
the cell. Traditionally, the major radicals resulting from the radiolysis of water are thought to
be the hydroxyl radical ("OH) and the hydrated electron, whereas the (‘OH) radical is
considered as the major contributor to radiation-induced DNA damage. With the birth of
femtosecond time-resolved laser spectroscopy, the precursor to the hydrated electron, the so-
called prehydrated electron, has been directly observed. The prehydrated electrons are the
excited states of the well-known hydrated electron in nature. Very recently, it was pointed
out that the prehydrated electron is a reactive species capable of causing lethal DNA double
strand breaks. Thus the reductive DNA damage is proposed as a new molecular pathway for
radiation-induced DNA damage. Therefore, the reaction dynamics of the prehydrated
electron is of great interest to unravel the exact mechanism of radiation-induced DNA

damage.

In order to study the action of the prehydrated electron (e ) in biologically relevant
reactions, additional compounds need to be applied to regulate the prehydrated electrons.
Such compounds are electron scavengers. In this thesis, the ultrafast electron transfer reaction
of eye  With an electron scavenger potassium nitrate was first investigated using our state-of-
the-art femtosecond time-resolved pump-probe laser spectroscopy (fs-TRLS). Quantitative
scavenging efficiency is successfully obtained by measuring the reaction rate constant, which
is determined to be k. = (0.75 £ 0.5)x10" M's™". This value is two-orders larger than the

1

reaction rate constant of enyq with potassium nitrate k& =9.7x10° M™'s”', confirming the high

reactivity of epre .

Moreover, to comparing effectiveness of the reductive DNA damage induced by the
prehydrated electron to the oxidative DNA damage induced by OH radicals, OH radical
scavengers are used to quench OH radicals, leaving the prehydrated electron as the only
active species. However, no studies have ever investigated the reactions between OH radical
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scavengers and the prehydrated electron. Here we performed the first quantitative study on
the scavenging reactions of ep. with the well-known OH radical scavengers, isopropanol
and dimethyl sulfoxide (DMSO). We present the first evidence of such scavenging reactions
and determine the reaction rate constants, which are measured to be £ = 3.3 £ 0.5x10"
M's™ and 87 + 0.5x10'"" M's”" for isopropanol and DMSO in PBS buffer,
respectively. These values are much higher than the reaction rate constants of isopropanol
with "OH radicals and DMSO with *OH radicals (Kisopropanol+on = 2x10° M 's ' and kpmso+on
=7x10° M 's ™).

Furthermore, the OH radical is an important species produced from radiolysis of water.
Knowing its reaction dynamics and kinetics can facilitate the comparison between the
oxidative DNA damage induced by OH radicals and the reductive DNA damage by
prehydrated electrons. By using an OH radical scavenger KSCN, we are able to directly
observe the reaction dynamics of the OH radical. In addition, knowing the relative yield
ratio of OH radicals and the e, (r = ["OH]/[epr ]) 1s necessary for the comparison of the
effectiveness of e, and OH radicals at inducing DNA damage. In our study, a quantitative
analysis of the relative yield ratio r using an OH radical scavenger KSCN was obtained. The
relative yield ratio is determined to be r = ['OH]/[epe ] = 2.8 £ 0.4. Incorporating this value
into our recent studies on reductive DNA damage, we find that in terms of single-strand
breaks and double-strand breaks yields per radical, an e 1s nearly three times as effective
as an "OH at inducing DNA damage under irradiation. Overall, the results obtained from this
thesis provide important information for future studies of e, action in biologically relevant

reactions.
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Chapter 1

Introduction

1.1 Cancer and cancer therapies

Carcinogenesis is one of the most malicious human diseases. It is an abnormal growth of
cells that arises from the changes in gene expressions, leading to the imbalance between cell
proliferation and cell death. Ultimately, the abnormal cancerous cells can invade tissues,
causing serious morbidity, and if not treated, leading to the death of the host. Though many
diseases become curable with the advent of science, cancer still remains a life-threatening
disease. Moreover, the number of cancer patients is increasing each year with an estimated
number of 20 millions in next 20 years worldwide [1]. Therefore, more effective cancer
therapies are highly desirable for the benefit of all human beings. Cancer research aims to
understand cancer at the molecular level to develop more effective cancer therapies to control

cancer. Three major treatments for cancer are: surgery, chemotherapy and radiotherapy.

1.1.1 Surgery

Surgery intends to remove the tumour tissues from a patient for diagnosis or treatment
purposes. For diagnosis, only a small piece of tumour is removed. This procedure is called a
biopsy. Following diagnosis, surgery can be performed to stage, to treat or debulk tumours.
Debulking is a procedure used to remove tumours as much as possible to increase the
effectiveness of other therapies when it is impossible to remove the entire tumour without
harming healthy organs. The surgeon usually removes the tumour and some surrounding
healthy tissues (know as a “clear margin”) to ensure that all of the cancer is removed. If the
cancer is diagnosed at an early stage, surgery alone may prevent cancer from developing.
Otherwise, surgery is often combined with chemotherapy or radiotherapy. Though surgery is
the most straightforward treatment for cancer, it can cause several side effects in cancer

patients such as organ dysfunction, lymphedema and reoccurrence of cancer, etc.



1.1.2 Chemotherapy

Chemotherapeutic agents target tumour cells in order to prevent the cells from multiplying,
proliferating and killing patients. It is based on the principle that rapidly growing tumours are
more susceptible to cytotoxic agents than normal tissues. The commonly used
chemotherapeutic agents can be catalogued into three major types: cytotoxic agents, anti-
hormonal drugs and targeted drugs. Cytotoxic drugs are the most traditional
chemotherapeutic agents. They mainly target DNA molecules to either inhibit cell division or
DNA synthesis. Cytotoxic drugs remain the largest group of chemotherapeutic drugs and
they have the most general applications for various types of cancer. More specifically, for
breast and prostate tumours subject to hormonal regulations, anti-hormonal drugs are primary
curative agents. For example, breast tumour cell growth is closely related to the estrogen
level in cancer patients. By attacking estrogen receptors, anti-hormonal drugs can inhibit
breast tumour cell growth. Similarly, androgen receptors are targets for anti-hormonal drugs
in the treatments of prostate cancer [2]. Moreover, the characterization of “the hallmarks of
cancer” leads to the understanding of malignant cell growth at the molecular level[3].
Another newly developed group of chemo drugs inhibit the macromolecular targets that are
essential to tumours but not present in normal organs and tissues. These drugs are termed
targeted drugs, and they were introduced during 1997-2004, followed by the approval of
monoclonal antibody Rituximab (RITUXAN™) by the FDA for the treatment of Non-Hodgkin’s
lymphoma [2]. The targeted drugs are designed to have better selectivity than traditional
cytotoxic drugs. However, the targeted drugs are still under development and not yet widely

available.

Many of the strong side effects caused by cytotoxic drugs arise from the effects of these
drugs on normal cells. The side effects of chemotherapy include uncomfortable feelings in
patients following drug uptakes, serious compromises of most organs of the body, drug

resistance in the tumour cells and therapy limiting effects of bone marrow toxicity.



1.1.3 Radiotherapy

Radiotherapy deposits radiation energy into a tumour tissue to kill cancer cells through
ionization or excitation of the biological materials. Though normal tissue cells may also be
affected by radiation, they have better cell repair mechanism to recover from the radiation
damage. Moreover, the major delivery of radiotherapy can be carefully controlled and
localized within tumour tissues with the aid of various software and hardware. Cancer
patients treated with radiotherapy may experience side effects such as tiredness, skin
soreness, loss of red blood cells (anemia) and nausea. Moreover, hypoxic regions in solid

tumour can reduce radiotherapy efficiency.

The most commonly used radiation sources are the x-rays or y-rays, both of which are
electromagnetic radiations. Radiation interacts with biological materials through either an
ionization or excitation process. If sufficient radiation energy was deposited to eject one or
more orbital electrons from the atoms or molecules with which it interacts, the atom is
ionized. Whenever the energy of a photon or particle exceeds the ionization potential of a
molecule, a collision with the molecule can lead to ionization. On the other hand, if the
radiation energy is below the ionization of a molecule, radiation energy is transferred without
any ejections of electrons. Such processes are termed as excitations. Excitation brings an
electron to a higher energy level without actually displacing it. In general, for biological
materials, photons or particles with energies above 10 eV are considered as ionizing
radiations whereas excitations occur under 10 eV. The dose of radiation to biological
material is defined in terms of the amount of energy absorbed per unit mass. 1 Gy is

equivalent to 1 J/kg.

Radiation energy deposition in biological system create both free electrons and excited
electrons. These electrons will further interact with biological materials to ionize or excite
biological molecules. Radiotherapy mainly attacks the genetic material deoxyribonucleic
acid, commonly known as DNA. Radiation-induced DNA damage is a precursor of genomic
instability, mutations and cell death. Detailed pathways of radiation-induced DNA damage

will be introduced later in this chapter.



Another type of radiation source is the particulate radiation source including electrons,
protons, a-particles, neutrons, negative m-mesons, and heavy charged ions. These radiation
sources produce particles that interact with biological materials in similar ways. Considering
the fact that these sources are much less commonly used, they are beyond the scope of this

thesis.

1.1.4 Other therapies

In addition to the three major therapies above, there are other relatively new therapies in use

for cancer treatments. These therapies include photodynamic therapy, gene therapy, etc.

Photodynamic therapy (PDT) is a relatively new method currently approved as treatments
for some forms of cancer including skin cancer, cervical cancer, lung cancer, superficial
gastric cancer, superficial bladder cancer., etc. [4,5]. PDT combines the effect of visible light
with a photosensitizing compound and oxygen. The photosensitizer (PS) is specifically
accumulated in the tumour tissues, which is then selectively exposed to a long-wavelength
visible light (A>600 nm) so that the PS within the tissue is excited upon illumination. The
excitation energy is transferred to the oxygen to give rise to damaging singlet oxygen and
other reactive oxygen species (ROS) [5,6]. These reactive oxygen species are cytotoxic
photoproducts, which initiate a chain of biochemical events that induce damage and the death
of tumour cells. The use of PDT as a cancer therapy is attractive because of its specificity and
selectivity. Although PDT is a promising cancer therapy, the selection of PS is limited by a
number of factors: PS must have good stability, must be retained by tumour tissues, must
have minimal toxicity in the absence of light, must become cytotoxic upon light radiation and
must absorb light with longer wavelength. Because the longer the wavelength, the deeper the
light penetration to the tumour tissues [5,7,8]. Therefore, PDT is limited to treat tumour
tissues that are accessible by light penetration or optical fiber delivery. Currently, seeking

suitable photosensitizers to improve PDT application remains the main task of PDT research.

Gene therapy for cancer is another developing cancer therapy, which is based on the simple
idea to introduce the right gene in cells so that the products of the gene can cure or slow

down the progression of cancer. However, the realization of gene therapy is not as simple at
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all. The obstacles of gene therapy include finding suitable vectors to transduce genes into the
host cells and the immune response of the host can cease gene delivery process [9]. Hence,

not until difficulties are solved, can gene therapy be applied widely to benefit cancer patients.

1.2 Radiation-Induced DNA Damage

Among all three major treatments for cancer mentioned, radiotherapy is the most widely used
approach. Approximately 50-70% of all cancer patients have been treated with radiotherapy
[10]. The genetic material deoxyribonucleic acid, commonly known as DNA, is the principal
target for the biological effects of ionizing radiation. Radiation-induced DNA damage can
induce genomic instability, mutations and cell death. Therefore, it is desired to induce DNA
damage in tumor cells following the radiotherapy treatment. Accordingly DNA damage is
non-desirable in healthy cells. Hence, enhancing DNA damage in tumors while protecting

DNA in the healthy cells is a main objective of radiotherapy.

In order to increase the efficiency of radiotherapy, the mechanism of radiation-induced
DNA damage must be well understood so that the radiation-induced DNA damage pathway

can be well controlled.

1.2.1 Categories of radiation-induced DNA damage and its repair

Radiation-induced DNA damage can be characterized into several categories, depending on
the location of the damage or depending on the origin of the damage. In the former case,
major types of DNA damage are: base damage, strand breaks, abasic site, DNA-protein

crosslinks and multiply damaged sites.

Base damage can be either caused by the direct or the indirect action of the ionizing
radiation. The direct action of ionizing radiation may eject an electron from the unsaturated
C-5 or C-6 position of the base. The resulting cation radical may further react with the
hydroxyl ion to be deprotonated, forming a more stable species. On the other hand, in
indirect action, it is traditionally believed that base damage is caused by hydroxyl radical
attack on DNA bases through hydrogen abstraction or the addition of the hydroxyl radical on

C=C unsaturated double bonds [11]. However, recent research done by our group utilizing



femtosecond time-resolved transient pump-probe laser spectroscopy to study the reaction of
nucleotides has successfully shown that the prehydrated electron (see section 1.3 for details)
generated from the radiolysis of water, is able to transfer themselves to the DNA bases
through a dissociative electron transfer (DET) process [12]. We strikingly observed that the
base G is most vulnerable to DET of e, leading to bond breaks, while the electron is most
effectively captured by the base A to form a stable anion [12]. Similar to the attack by an
oxidizing species, such a bond break at G may cause severe structural deformation and
potential lesions to the DNA, as theoretically shown by Bera and Schaefer [13]. Base damage
is one of the simplest forms of DNA damage and can be repaired through the base excision
repair mechanism in mammalian cells. Unlike base damage, DNA strand breaks, especially
double-strand breaks (DSBs), are much more lethal to the cells. Therefore, the prehydrated
electron can induce both base damage and strand breaks in DNA through the DET process.
Our findings have challenged the traditional notion that only the OH radical is the major

contributor to DNA damage.

If the base damage is intense, it will lead to abasic sites. An abasic site is a location in
DNA where neither a purine nor a pyrimidine base is present. Abasic sites include apurinic
and apyrimidinic sites depending on the type of bases that are lost. Abasic sites also occur
during the process of base excision repair as the endonuclease cleaves the bases before

replacing them with the correct ones [14].

Moreover, damage to the deoxyribose-phosphate backbone may cause scission of the
backbone and lead to the breakage of a DNA strand. If the breakage only occurs in one DNA
strand, then it forms a single-strand break (SSB). Single-strand breaks are easily and quickly
repaired by intracellular enzymatic processes, the detailed repair process will be discussed
later. If the deoxyribose-phosphate backbone is damaged in two or more adjacent locations,
then a double-strand break (DSB) will be formed. In order to form a double-strand break, it is
pointed out that two adjacent single-strand scissions must not be more than 10 base pairs
apart as the van der Waals forces and the hydrogen bonding between bases tend to hold the
two single strands together [11,15]. Double-strand breaks may also be caused by a single

energy deposition event from the direct action of LET (Linear Energy Transfer) radiation.
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DSBs are difficult to repair since the DNA template required for damage restoration is not
available anymore. Therefore, inducing DSBs in carcinoma cells under ionizing radiation is

highly desired.

DNA-protein crosslinks can seriously affect DNA processing during DNA replication,
transcription and even DNA repair. Many types of proteins such as structural proteins,
transcription regulators, stress response proteins and cell-cycle regulatory proteins have been
identified as being cross-linked to DNA. However, the role of DNA-protein crosslinks in

overall radiation response has not yet been defined [11].

Energy from conventional ionizing radiation source such as x-rays is deposited unevenly in
“spurs” and “blobs”. Such energy distribution may lead to local multiply damaged sites.

Multiply damaged sites are combinations of double-strand breaks and base damages.

Type Yield
Single-strand breaks 1000
8-hydroxyadenine 700
T (thymine damage) 250
Double-strand breaks 40

DNA-protein cross-links 150

Table 1-1 Measured numbers of damaged sites per cell per Gray (1 Gy = 1 J/kg). Table is

reproduced from reference [14].

The final amount of DNA damage produced in the cells under ionizing radiation should be
considered in terms of the cell’s abilities to repair that damage. DNA repair mechanisms
have been widely studied and several mechanisms are commonly acknowledged, they are
base excision repair, nucleotide excision repair, mismatch repair, homologous recombination,

non-homologous end joining (NHEJ), and error prone (SOS) repair [16].

Base excision repair takes care of the base damage in DNA. The mutated or damaged base

will be removed from the DNA strand by a glycosylase enzyme, then the sugar residue will
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be removed by an AP endonuclease. DNA polymerase will fill the vacancy with the correct
nucleotide according to the complementary information on the opposite strand. Finally, the
DNA strand is sealed by DNA ligase. Base excision repair mechanisms are fast and efficient
as base damages occur frequently during normal DNA synthesis, replication and

transcriptional processes. Therefore, base damages are not lethal to cells.

Nucleotide excision repair removes the bulk adducts formed in DNA. It is not lesion-
specific as opposed to the base excision repair. In terms of radiation-induced DNA damage,
nucleotide excision repair targets pyrimidine dimers that formed under UV-radiation. Though
defective nucleotide excision repair does not lead to ionizing radiation sensitivity, researches
have shown it increases the sensitivity to UV-induced DNA damage and certain anticancer

drugs such as alkylating agents that induce bulky adducts.

There are two repair mechanisms responsible for fixing Double-strand breaks. They are
homologous recombination repair and non-homologous end joining (NHEJ) repair.
Homologous recombination repair is a high fidelity repair mechanism utilizing the
undamaged homologous chromosome or sister chromatid as a template for DNA repair [16].
Homologous recombination repair primarily takes place in the late S/G, phase of a cell cycle,
when sister chromatids are more easily available. In contrast, non-homologous end joining is
error prone since the broken ends of DNA strands are simply processed and ligated together
regardless of the original sequence of DNA. NHEJ probably accounts for many of the

premutagenic lesions induced in the DNA of human cells by ionizing radiation.

The rest of the repair mechanisms are mismatch repair and the error prone translesion
repair, both of which are not of great importance within the scope of radiobiology. Mismatch
repair is able to remove the mismatched nucleotide during DNA replication, then replace the
mismatch with the correctly base-paired nucleotide. The error prone translesion repair is

highly error prone and may introduce more mutations to the cell [16].

DNA-protein cross-links repair mechanism is not yet well understood. Currently it is

believed that a combination of nucleotide excision repair and recombination repair is needed



to repair DNA cross-links. Further details in this repair mechanism require future

investigations.

The mechanisms of DNA repair have confirmed that among all radiation-induced lesions,
DSBs are the most difficult to repair. Hence, double-strand breaks and multiply damaged
sites are the most relevant lesions in terms of radiation-induced cell death. Double-strand
break is the major factor that threatens the genomic integrity of the cell. If DSBs are
insufficiently repaired, they may lead to chromosome breaks, deletions, and translocations
[17]. Though the ability to repair DSBs vary among different cell types with 90% repair rate
in radioresistant cell lines to less than 30% in other cell lines, generally DSBs are difficult to

correctly repair [18].

1.2.2 Direct and Indirect Action

Ionizing radiation can cause damage in DNA through two major pathways: direct and
indirect action. In direct action, the energy is directly deposited in the target DNA molecules
without the intervention of radicals derived from water radiolysis. The targeted molecules or
atoms will be directly ionized or excited, initiating a chain event that leads to biological
effects. The direct action process is thought to be dominant under high linear energy transfer

(LET) radiations, such as neutrons and o-particles [11].

On the other hand, indirect action is a major cause of DNA damage under low LET
radiations (y-ray, X-ray, etc.) [11]. In indirect action, DNA is attacked by the radiation-
created radicals in the solvent, mainly by the radiolysis products of water because water
constitutes 75-90% of the cell. Therefore, most radiation energy deposited in the biological
system 1is initially absorbed by water, generating oxidizing and reducing radicals. The
radiolysis products of water have long be considered to be epyq (the hydrated electron), ‘OH
(hydroxyl radicals) and H", with G values (number of molecules produced per 100 eV) of 2.8,
2.4, 0.6 at 10 s after radiation, respectively [19,20]. It was thought that about two-thirds of
the biological damage induced by x-ray irradiation is through indirect action from the OH

radical, as determined by using OH radical scavengers [21,22].



Although DNA damage under ionizing radiation has been widely and intensely studied for
decades, novel pathways of radiation-induced DNA damage have been found only recently.
In direct action, it was found that the abundant low energy free electrons can cause DNA
strand breaks through direct action [23]. In an aqueous cellular environment, however,
indirect action pathway dominates. It was recently surprisingly observed that the weakly-
bound (below-zero-energy) electron — the precursor states of the hydrated electron (or the
prehydrated electron) — is an effective species inducing DNA damage through a reductive

pathway [12,24].

1.2.3 Direct DNA damage caused by low-energy free electrons

For direct DNA damage pathway, depending on electron energy, electrons can induce DNA
damage through ionization, dipolar dissociation (DD) and dissociative electron attachment
(DEA) processes [25]. When a low-energy (<20 eV) free electron is attached to a molecule to
form a temporary anion resonance, this process is called DEA [26]. If RH represents the
DNA molecule, the electron produced from radiation energy deposition will attach to RH,
forming a transient or stable molecular anion RH" [23]. The transient molecular anion will
further dissociate along one or several specific bonds causing bond rupture through the

formation of a radical and H :
¢ +RH—>RH™ —R +H [23]

For the DEA process with a low-energy (0-20 eV) free electron, the intermediate transient
anion is formed from the electron resonance attachment to the molecule. There are two types
of resonance states: resonances that lie below the energy of their parent (the state from which
they derive) are termed as the “Feshbach resonances” or “Type I resonances”; On the other
hand, the resonances that lie above their parent states are “shape resonances” or “Type 1l

resonances” [26].

In the Feshbach resonances, the electron affinity of the electronically excited state of the
parent molecule is strong enough to maintain an incident electron. Such resonances cannot
decay into the parent states when the excitation is near the center of the resonance. Therefore,

new states with different configurations other than the parent states can be created from the
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dissociation of the resonances. Feshbach resonances have longer lifetimes since the

dissociation process involves changes in the molecular configurations [26].

Shape resonances arise when the incident electron occupies the previously unfilled orbital
of the target molecule in its ground state. The incoming electron is trapped near the molecule
by the electron-molecule potential barrier formed from nonzero electron angular momentum.
In this case, the electron occupies the previously unfilled orbital of the molecule. In contrast
with Feshbach resonances, it is energetically favourable for shape resonances to decay into

the parent states, therefore, the shape resonances are short-lived species [26].

In the case of formation of DNA resonance states, both types of transient resonant anions
can be created in the gas phase. The studies of low-energy-free-electron-induced DNA
damage reported that with the electron energy above 10 eV, the Feshbach resonant anions
occur [27], whereas with much lower electron energy, shape resonant anions are responsible
for DEA to cause bond breaks. However, in aqueous environment, the dissociative electron
transfer reaction is the major process. Details will be discussed later in the dissociative

electron transfer (DET) sections.

Over the past decade, the direct DNA damage induced by low-energy free electrons has
been studied both experimentally and theoretically. Low-energy (energy < 30 eV) electrons
are abundant secondary electrons produced under ionizing radiation [28]. Electron-molecule
interactions below 30 eV is described in terms of direct scattering or resonance scattering.
Both pathways can potentially lead to direct DNA damage. Direct scattering occurs at all
energy levels above the energy threshold and it produces a monotonic increasing DNA strand
break yield function in terms of increasing electron energy. On the contrary, the resonance
scattering is more characteristic with the formation of the transient anion at particular

resonance energies, leading to a peak in the yield of DNA strand breaks.

The role of low-energy electrons has been unraveled since the 1990s. It was first proposed
that the abundant secondary low-energy electron species produced along the radiation track
are more biologically relevant both from experimental results or theoretical simulations. For

example, Botchway et al suggested that low-energy electron species with energies 0.1 — 5
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keV are most responsible for clustered damage in DNA under low-LET radiations [29].
Moreover, from computational modeling of ionizing radiation induced DNA damage in
mammalian cells, Nikjoo et al attributed the largest percentage yield of double-strand breaks
to the contribution of the secondary low-energy electrons with energies between 60 — 150 eV
[30]. Ever since then, the energies of the effective low-energy electrons were found to be
even lower. In 1999, experimental results reported that low-energy electrons with energies
around 5 to 25 eV can damage biological molecules, like deoxyribose analogues and homo-
oligonucleotides [31,32]. In 2000, the dissociative electron attachment to DNA was observed
in dry supercoiled DNA in a high vacuum condition through the direct energy deposition on
DNA molecules by 3-20 eV low-energy electrons, causing DNA SSBs and DSBs [23]. In
2001, the low-energy electron’s attack on DNA bases (A, T, G, C) was evaluated by
measuring the amount of fragmented anions produced by 5-40 eV LEE attack. All bases
exhibit resonant peaks around 9 to 20 eV [33]. From these results, Abdoul-Carime et al
concluded that LEEs induce DNA bond breaks by dissociatively attaching to the DNA bases.
Pan et al further confirmed that dissociative low-energy electrons (LEEs) attachment induce
DNA single and double stranded breaks by observing the yield dependence of desorption
anions on the incident electron energy, which clearly shows a DEA signature peak around 9
eV [34]. However, the initial experiments were not able to identify specific DNA
components (sugar, phosphate group and DNA base units) that are responsible for the strand
breaks induced by LEEs since these basic DNA constitutes can all be fragmented via DEA
between 5 and 13eV [35].

Subsequently, in order to better understand the exact location of bond rupture by DEA of
the low-energy electrons, a number of studies have been carried out on electron interactions
with isolated nucleic acid base molecules or isolated nucleotides in the gas phase. The
electron attachment to gas-phase uracil, adenine, cytosine, sugar analogs and phosphate
groups have been studied extensively [27,32,36-62]. For example, theoretical calculations
have shown that cytosine bases are capable of capturing electrons with energies even below 1
eV to form a m*-anion state, which can further cause a “phosphate-sugar O-C ¢ bond

cleavage” [38,63]. Berdys et al also pointed out that within a model solvation environment, a
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significant fraction of the LEE-induced m*-anion state is likely to become electronically
stable, indicating the dissociation is less probable to occur [63]. These results were further
verified by theoretical work done on pyrimidine nucleotides, which found that electronically
stable radical anions could form from attachment of near-0-eV electrons in both gas and
aqueous solutions [53]. Another theoretical research project explored the exact location of
the C-O bond cleavage proposed in pyrimidine nucleotides. They found C;-Os bond
cleavage dominates because of its lower activation energy [61]. Moreover, Gu et al
postulated that LEE-induced DNA damage may not occur in aqueous environment due to the
polarization effect which increases the activation energies of all kinds of bond breaks [61].
On the other hand, electron attachment to purine bases have been observed as well. For
example, base damage to gas-phase adenine induced by low-energy electrons was reported
from experimental studies [51,52,56,64]. There are some interesting findings about guanine
bases. Photoemission electron spectroscopy experiments performed on dry DNA oligomers
show that in the single-strand DNA oligomers, the capturing probability of low-energy
electrons scales with the number of G bases [65]. Whereas theoretically, G base is likely to
have N-H bond dissociation to induce bond breaks [13]. Other results with sugar analogues
and phosphate groups have shown that excision of ribose containing C5 is sensitive and
deoxyriboses quite fragile to LEE attachment, whereas phosphate groups have two low
energy electron resonant features at 1 eV and 8 eV [66,67]. These results argued for a
mechanism of SSBs induced by LEEs. However, other researchers argue that direct LEE-
attachment to sugar and phosphate groups are not as feasible due to a higher energy barrier
[38]. Moreover, the electron attachment cross-sections have been calculated for both single-
strand breaks and three bases (adenine, thymine and cytosine) [45]. The electron attachment
cross-sections for those three bases are about 3-10 times smaller than the cross-sections of
SSBs. Therefore, it is concluded that base damage is less likely to occur than strand breaks in
low-energy electron induced DNA damage. Martin et al studied supercoiled DNA bond
breaks induced by 0-4 eV electron shape resonances. They conclude that SSBs are enhanced

by ~1 eV electron attachment but no DSBs are induced by 0-4 eV electrons [68].
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One can see that studies done by different groups often yielded rather contradictory results
regarding the mechanism of the LEE-induced DNA strand breaks in terms of efficient
electron energies, locations of damage and cross sections of nuleobases to LEE attachment.
The detailed mechanism still needs to be elucidated. Overall, the generally-agreed
mechanism of LEE-induced DNA strand breaks states that DNA bases first capture LEEs to
enter m*-anion shape resonance states, with a subsequent electron transfer to the backbone to
cause either C-O bond cleavage or glycosidic bond breaking, producing the corresponding

phosphoric anions and deoxyiribose radical fragments. Thus a strand break is formed.

Theoretical researchers have investigated DEAs to nucleotides in both gas-phase and
aqueous solutions [55,61,63,69]. But none of the experiments regarding LEE-induced DNA
damage were performed in real aqueous solution: above experimental observations were all
done in a gas-phase condition with dry biological samples. As mentioned previously, indirect
DNA damage dominates over the direct DNA damage under ionizing radiation. Experiments
have shown that the yields of DNA strand breaks (single-strand breaks and double-strand
breaks) induced by y-ray radiation in an aqueous environment are three orders higher than
those in a dry condition [70]. Though some authors claim that on average there are 2.5 water
molecules remaining for each base pair as its structural water when DNA samples are
prepared under the UHV (ultrahigh vacuum) condition [34], this amount of water is far less
than that present in a cellular environment. In a biological cell, DNA molecules have at least
two hydration shells around them. The first hydration shell alone consists of around 20 to 30
water molecules per nucleotide [71-73]. Moreover, some theoretical research aimed to
explore LEE-induced DNA strand breaks in aqueous environment reported that a polarized
aqueous environment is likely to quench the actions of the low-energy electrons by
increasing the activation energy barrier for bond cleavages [55,61,63,69]. Furthermore, the
water environment cannot enhance the dissociative electron attachments (DEA) of molecules
involving free electrons with energies greater than 1.0 eV. It has been observed that the polar
environment of HO/NHj3; ice can completely quench DEAs of many molecules with > 1.0 eV
free electrons though those DEAs are effective in gas-phase [74-77]. Therefore, the water

environment is likely to protect DNA molecules from low-energy electron induced direct
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DNA damage at energies above 1.0 eV. On the other hand, the presence of water can
significantly enhance the capture of ~ 0 eV electrons and the associated dissociation of
molecules.. This can be explained by the dissociative electron transfer mechanism as detailed

in the next section.

1.3 Reductive Radiation-Induced DNA Damage by prehydrated electrons

The fact that water is the main constituent in the human body makes it impossible to neglect
the role of water molecules under ionizing radiations. About 75 — 90 % of a cell is made up
of water. Therefore, water molecules absorb the majority of the radiation energy deposition
in cells initially. It is well known that the indirect radiation-induced DNA damage caused by
the radicals produced from the radiolysis of water dominates over the direct DNA damage
induced by the energy deposition at DNA itself. Indeed, it has been observed that the yields
of the single-strand breaks and double-strand breaks of DNA produced by y-ray radiation
are three orders higher under the aqueous condition than those in a dry condition [70]. This
fact clearly shows that water has a crucial role in enhancing the radiation-induced DNA
damage. The key question then lies in how the radiolysis of water leads to DNA damage.
Depending on how high the deposited energy is, the water molecules can be either ionized or
excited. lonization or excitation of water molecules generates an oxidizing ‘OH radical, a free

electron, as well as a hydrogen radical. For example, under ionization:

H,0—H,0" +e”

(1.1)
H,0"+H,0 —-H,0" + 'OH

Here, the term radical is referring to an atom or group of atoms containing an unpaired

electron, which is highly reactive.

Under excitation, water molecules will also produce radicals and ejected electrons as

shown in the following reactions:

H,0 —H,0

. 1.2)
H,0 —H +'OH or H,0" +¢”
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The ejected free electron will quickly be trapped by the surrounding water molecules to

become a prehydrated electron and finally a hydrated (solvated) electron in a potential well:
e +nH,0—e  —e. (1.3)

The hydrated electron belongs to the large family of solvated electrons. When the solvated
electron 1s formed in water, it is termed as the hydrated electron (eny¢ and e,q ). The proposal
of the solvated electron dates back to more than a century ago. Nearly 200 years ago, it was
found out that in ammonia vapor, potassium metal becomes gold and blue [78]. Similarly, all
alkali metals in liquid ammonia are brightly coloured when the solution is dilute, whereas the
concentrated solution (> 3 M) presents copper colour. In 1907, Charles Kraus explained the
production of the bright colour by introducing the concept of a “solvated electron” [79,80].
He proposed that the alkali metal ionizes in liquid ammonia, forming a cation and a solvated
electron. Though the solvated electron is stable in ammonia for days, it has a very short
lifetime in water. Therefore, owing to its short lifetime (~200 ns) in water, the hydrated
electron was not confirmed until 1962, when its optical spectrum was successfully measured
by E.J. Hart using the pulse radiolysis technique [81]. Subsequently, enya 1s recognized as

one of the primary radicals formed upon the radiolysis of water.

The structure of the hydrated electron has been studied through many theoretical
approaches, such as the model for quantum molecular dynamics (MD) simulations in the
liquid phase, density functional theory study and dynamical polaron theory [82-84]. Among
those theoretical studies, the quantum molecular dynamic model provides a relatively simple
approach and the closest simulation to experimental observations [83]. From MD
simulations, it states that the water cluster conformation formed around the hydrated electron
consists of two solvation shells; the first solvation shell is composed of approximately six
water molecules with their OH bonds, in which H atoms bear partial positive charges,
directed toward the electron, forming a “cavity” [83]. The cavity model has been used to
describe the hydrated electron for more than 40 years. Generally in this model, the electron
stays in the cavity to avoid the regions where the water molecules have large electron

density. The cavity is stabilized by the charge interactions with the dielectric medium, which
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in this case is the water molecule. Though cavity model has been around for decades, in the
past two years, this popular model of the hydrated electron has been challenged [85-87]. The

exact conformation of the hydrated electron is still under investigation.

Figure 1.1 Schematic diagram showing the cavity model of a hydrated electron [11]. The first
solvation shell of the hydrated electron consists of six water molecules. Together they form a “cavity”

around the electron [83].

For over 40 years, the main radiolysis products of water were known to be the hydrated
electron (enyq ), the hydroxyl radical ("OH) and a hydrogen radical (H") with quantum yields
(G values) of 2.8, 2.4 and 0.6, respectively, at 10° s after the radiation event under x-ray
ionizing radiation. Hence, for conventional ionizing radiation sources such as x-rays and Y-
rays, the yield ratio of "OH radicals and the hydrated electron enyq 1s generally accepted as r
= ['OH]:[ enya ] = 1:1. In this case, the ionizing process of water molecules, as described in
Equation (1.1), dominates over the dissociation process (as described in Equation (1.2)). The
dissociation process is likely to produce the *OH rather than the enyq . Therefore, under
conventional ionizing radiation sources, the hydrated electron has the highest quantum yield

among all the radiolytic products of water.

Though the hydrated electron has the highest quantum yield, it is deeply trapped in the
water cavity at ~3.2 eV below vacuum level [88]. As a result, this ground-state-like hydrated
electron is ineffective at inducing DNA damage. Therefore, the "“OH radical has been
considered as the sole contributor to radiation-induced indirect DNA damage. However, one

third of the DNA damage is not scavengable by a high-concentration OH radical scavenger
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[89]. If that one-third non-scavengable DNA damage were attributed to direct DNA damage
[11,89], then it would contradict to the fact that water can enhance radiation-induced DNA
damage by three orders of magnitude [70]. Indeed, how radiolysis products of water induce
DNA damage has been a long-standing mystery. Understanding the exact role of water in
radiation-induced DNA damage can shed light on possible pathways to improve radiotherapy

efficiency.

With the advent of ultrafast laser spectroscopy techniques, the ultrafast hydration process
of electrons in liquid water has been studied intensely. The precursor state of the hydrated
electron, denoted as the prehydrated electron (ep. ) was discovered. Though the existence of
the precursor states of the hydrated electron had been implied in many early studies [90-92],
the first evident observation was made in 1987 by Migus et al using femtosecond laser
spectroscopy [93]. Since then, the physical and chemical properties of the ultrashort-lived
prehydrated electron have been studied extensively [94-101]. The localization of an excess
electron in water was found to proceed with the p-like prehydrated electrons and then the s-
like hydrated electron state. In contrast to the lowest s-like hydrated electron, which is deeply
trapped in the water cavity at ~-3.2 eV below the vacuum level and has a long-lived lifetime
on the us-ns scale, the prehydrated electrons are weakly bound at ~-1.5 eV and have an
ultrashort lifetime below 1 ps. The lifetimes of the prehydrated electrons were reported to
range from 50 fs to 1 ps [82,93,94,97,99,102-105]. However, with the careful Femtosecond
Time-Resolved Pump-Probe Laser Spectroscopic (fs-TRLS) measurements, our group [101]
resolved the controversies that had existed for over two decades. Wang et al. [101] directly
detected the rise and decay of the prehydrated electron produced from the two-photon
excitation method of water molecules. They identified and removed an artificial effect of the
coherence spike caused by the spatial and temporal overlaps of pump and probe pulses from
the real electron signal. This coherence artifact in the femtosecond pump-probe experiments
have been studied both theoretically and experimentally [101,106-109]. It was demonstrated
that the ultrafast rising times at tens of femtosecond observed in previous studies were due to
this coherence artifact [101]. After removing the spike effect, Wang et al’s results yielded
two intrinsic states of prehydrated electrons with lifetimes of 180 + 30 fs and 545 = 30 fs
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[101]. These lifetimes are consistent with the experimental results reported previously by
Eisenthal’s group and Laubereau’s group [94,97,110], and the theoretical simulations by
Rossky and co-workers [111].

The fact that the prehydrated electron is only weakly bound to the water molecules implies
the high reactivity of the prehydrated electron. Indeed, the high reactivity of the prehydrated
electron attracted various interest in the past two decades. The prehydrated electron has been
observed to play an essential role in environmentally, chemically and biologically important
reactions. For environmental significance, for example, Lu, Madey and Sanche have shown
that e, 1s responsible for the dissociation reaction of chlorofluorocarbons (CFCs) in the
atmosphere, which leads to a new ozone-hole formation theory [75-77,98,112-115]. Lu has
recently found that CFCs, which are also strong greenhouse gases, have made a major
contribution to the earth temperature change since 1950s [116]. In biological systems, epr
can efficiently attach to biological molecules, such as amino acids and nucleotides [117,118].
More recently, using our state-of-the-art fs-TRLS, our group has observed the dissociative
electron transfer (DET) reactions of e, with anticancer drugs and DNA: e, can activate
chemotheraputic drug cisplatin (CDDP) [119,120] and potential radiosensitizers —
halopyrimidines (CldU, BrdU, and IdU) through the dissociative electron transfer (DET)
process [121-123]. For the transfer of ey to nucleotides dXMP (where X is one of the four
nucleobases: adenine A, thymine T, guanine G or cytosine C), it leads to bond breaks of T
and especially G bases, while it results in stable anions of C and especially A. Among all
four types of mononucleotide, the guanine mononuleotide is the most vulnerable to DET
process, implying that nucleotides containing guanine are the weakest link in DNA [12].
Indeed, such an observation is consistent with the experimental results by Ray and co-
workers, which show that dry single strand DNA oligomers with more G bases have higher
probability to capture low energy electrons (~1.0 eV) in gas phase [65], and with the
experimental result by Liu et al that water clusters can protect the collision induced
dissociation of anionic adenosine 5’-monophosphate (AMP-) [124]. Theoretical studies by
Shaefer et al found that the G base is likely to have N-H bond dissociation to induce bond

breaks, which supports our findings as well [13]. Compared with these previous studies, our
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group’s results provided the first real-time observation of the dissociative electron
attachments of G and T and the formation of all four stable anions (A, G, C and T ),
particularly in aqueous solution [12]. These results have revealed that the DET reaction of
€pre 18 a key step in radiotherapy. The reaction of e, with DNA leads to the study of
reductive pathway of DNA damage. Therefore, the prehydrated electron is an ideal species to

study reductive DNA damage.

Oxidative DNA damage induced by the hydroxyl radicals have been well-studied for
decades. But little is known about the reductive DNA damage induced by prehydrated
electrons. The prehydrated electron interacts with DNA molecules through the DET process.
First, it has been observed on H,O/NHj; ice surfaces that the water environment significantly
enhances the cross sections for DEA of molecules with electrons at energies ~0 eV, whereas
DEAs with > 1.0 eV electrons are completely quenched [74-77]. The enhancement is due to
the DET mechanism [12,20,75,77,98,101,112,113,121,122]. The electrons with ~0 eV
energies are first trapped by the polar water molecules to form the prehydrated electrons. An
€pre 1S then transferred to a molecule, leading to the dissociation of the molecule. Second, It
has been shown that DEAs for near 0 eV electrons in the gas phase can shift to lower energy
levels of about -1.0 ~ -1.5 eV in polar liquid solutions because of the polarization effect. As
observed for halopyrimidines,and CCl4 [121,122,125], the lowered energy levels match the
energy level of e, , leading to effective Feshbach resonances. Therefore, the effective DETs
of the halopyrimidines and CCls molecules with e, were observed. Third, effective DET
reactions of e, with DNA bases especially G have similarly been observed [12]. The DET
processes of ey can induce double-strand breaks in DNA by inducing bond dissociation on
one strand, and then the dissociation products can further break the other strand [12].
Moreover, low-energy free electrons produced under ionizing radiation have extremely short
residence times (on the scale of one tenth to a few femtoseconds) in water and they are
quickly thermalized into the weakly-bound prehydrated electrons with energies below 0 eV
[93,94,97,101,110,111]. Overall, in real cellular aqueous environments, it is the prehydrated
electron rather than the low-energy free electron that plays the dominant role in inducing

DNA damage.
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Indeed, in our recent studies, we have observed reductive DNA damage induced by the
prehydrated electron. Our novel result proved that not only does the prehydrated electron
produce DNA damage, it is in fact quite effective at producing the damage. We found that
the ey 1s at least twice as effective as the hydroxyl radical at inducing DNA damage
through the reductive pathway [24]. Hence, studying the reductive DNA damage caused by
the epe can shed light on detailed mechanism of radiation-induced DNA damage, leading to

improvements of radiotherapy.
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Figure 1.2 Two-photon excitation of water molecules at wavelength of 266 — 380 nm, producing the
epre and OH radicals within 10™* s. These radicals attack DNA strands to cause single-strand and

double-strand breaks [24].

1.4 Objectives of the Project

In order to further study the role of the prehydrated electron in the reductive DNA damage
pathway, additional chemical compounds have to be used to regulate the prehydrated
electron. The chemical compounds that can efficiently react with the prehydrated electron are
termed electron scavengers. Potassium nitrate (KNO;) is such an electron scavenger.
Therefore, the goal of our project was first to study the effectiveness of potassium nitrate as
an ep - scavenger, in order to apply KNOs for cellular experiments. Second, we also aimed

to quantitatively determine the scavenging reaction efficiency of KNO3 with the ep .

21



Moreover, since it is important to compare the efficiency of the reductive DNA damage
induced by prehydrated electrons to that of the oxidative DNA damage induced by ‘OH
radicals quantitatively, ‘OH scavengers will be applied in the biological experiments to leave
the prehydrated electron as the only active species. However, no one has reported if the "OH
scavengers scavenge the prehydrated electron. Therefore, another part of my project is to
study the possible reactions between ‘OH scavengers (isopropanol and DMSO) and the
prehydrated electron. If there are scavenging reactions, then the efficiency of such reactions

will be determined quantitatively.

Furthermore, knowing the yield ratio of "OH and the ey (r = ["OH]/[ ey ] ) can facilitate
the direct comparison of “OH and the e, at inducing DNA damage. Hence, we intended to
use an "OH scavenger KSCN to capture "OH radicals. Their reaction product absorbs strongly
in the visible region. Detecting the reaction product of KSCN and “OH radicals and knowing
its extinction coefficient can help the study of not only the reaction dynamics of "OH
radicals, but also the amount of ‘OH radicals produced compared to the amount of ep .
Therefore, the yield ratio r will be obtained in my project for two-photon UV excitations of

water.

1.5 Scope of the Thesis

Following this introduction, the principle of time-resolved femtosecond (fs) laser
spectroscopy is introduced in chapter 2. Chapter 3 presents direct observations of the ultrafast
electron transfer reactions of the electron scavenger KNOs with the prehydrated electron. The
quantitative analysis of the scavenging efficiencies is addressed. The experimental studies of
the ultrafast electron transfer reactions extend to the scavenging reactions of ‘OH radical
scavengers with the prehydrated electron in chapter 4. Quantitative analysis is present and the
ultrafast behaviour of the prehydrated electron is confirmed once more. In chapter 5, with the
aid of an "OH radical scavenger potassium thiocyanate (KSCN), the reaction dynamics of
‘OH radicals and KSCN is studied, from which the properties of “OH radicals are derived.
The quantum yield ratio of the "OH radical and the prehydrated electron is obtained to assist

the direct comparison of the biological effectiveness of ‘OH radicals and prehydrated
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electrons at causing radiation-induced DNA damage. Finally, the conclusions are

summarized in chapter 6.

23



Chapter 2

Experimental Techniques

The major experimental technique applied in this project was Femtosecond Time-Resolved
Pump-Probe Laser Spectroscopy. Femtosecond Time-Resolved Pump-Probe Laser
Spectroscopy (fs-TRLS) was first introduced into the ultrafast chemistry field by Nobel Prize
Laureate A.H. Zewail in late 1980s. Now it is widely used for observation of femtosecond

scale chemical reactions.

2.1 The Importance of Using Femtosecond Resolution
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Figure 2.1 The time-scale diagram of the basic physical, chemical and biological changes [126].

Before the fs-TRLS technique, the pulse radiolysis method that can probe chemical reactions
at the microsecond level was already widely used. But the microsecond time domain was not

refined enough for studying the chemical reactions in details. Better time resolution with
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femtosecond time scale was desired. Why was femtosecond necessary? As one can see from
Figure 2.1, where the time-scale of the basic physical, chemical and biological changes are
summarized, chemical bond breaking or bond formation occur rapidly, often in less than 1 ps
(107'% ps). It was one of the fundamental problems in chemistry to understand how those
ultrafast events determine the entire course of the reaction [127]. Moreover, the biological
changes that appear at longer time scales are often initiated by the fast processes at earlier
times. The relatively slow biological processes such as DNA damage and cell death that take
microseconds or longer, are often triggered by fast processes at earlier time [20]. Often, those
fast processes lead to the formation of reactive radicals. One may argue that since the
interactions are initiated by radicals and radicals often have long lifetimes covering from
nanoseconds to even microseconds, then why are the biological processes initiated by
processes much faster than nanoseconds? The answer is, though the radical might be long-
lived, the formation of these radicals are ultrafast events that can happen faster than a
picosecond [126]. Hence, in order to get a complete picture of the biological events, one must
apply advanced physical methods with femtosecond resolution to study the biochemical

reactions that occur in the ultrafast time domain.

The advent of the femtosecond time-resolved pump-probe laser spectroscopy provides us
with the ability to capture the ultrasfast process within femtoseconds. Through this

technology, we can finally take “motion pictures” of the rapid biochemical reactions.

2.2 Femtosecond Time-Resolved Pump-Probe Laser Spectroscopy (fs-TRLS)

Figure 2.2 illustrates the basic set-up of the femtosecond time-resolved pump-probe laser
spectroscopy. In this technique, an ultrafast laser is used to generate a femtosecond width
laser pulse. This laser pulse is split out into two parts: one as a pump pulse and the other as a
probe pulse. Both of the laser pulses are sent to nonlinear optical devices, such as optical
parametric amplifiers (OPA) to obtain the desired frequency. The pump pulse excites the
reaction by initiating the sample molecules or electrons to excited states through photon
excitation. For instance, in order to study the prehydrated electron dynamics, the pump pulse

excites water molecules in the sample through two-photon excitation process. When the
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pump pulse arrives at the sample, the experimental clock is set to zero. The probe pulse
reaches the sample several femtoseconds or picoseconds after the pump pulse. The probe
pulse records a snapshot of the reaction at that particular instant by examining the absorbance
of the probed species through the measurement of the transmitted intensity of a probe pulse.
The measured absorption signal is the difference between the intensities of the transmitted

probe pulse in the presence and absence of the pump pulse [129].
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Figure 2.2 Schematic Diagram of Pump-Probe Absorption Spectroscopy [128].

During chemical reactions, different intermediate species have their own absorption bands.
By monitoring probe wavelength, absorption behaviours of different intermediate species can
be examined. The time-resolved absorption behaviour is observed by controlling the timing
of the pump pulse and the probe pulse. One of the two pulses, for example, the pump pulse is
sent over an optical path whose length is adjusted by moving a mirror on a mircostepping
motor stage. Hence by changing the optical path difference (OPD) between the two pulses,
the delay time is varied accordingly. For an OPD of 1 um, the corresponding time resolution

1S:
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Where c is the speed of light in vacuum. Thus, the femtosecond time resolution is achieved.
By altering the time delays between the pump and probe pulses continuously, many
snapshots of the reaction can be taken at different time intervals. Therefore, if these
snapshots are linked together, a “movie” of the reaction can be produced, which is a time-

resolved transient absorption spectrum.

2.3 Experimental Setups

In our femtobiology/femtomedicine group, the pump-probe laser spectroscopy is utilized
with a Ti: sapphire laser system. The Ti: sapphire laser system is able to produce 100-120 fs,
1 mJ laser pulses centered at 800 nm with a repetition rate of 1 kHz. Pump and probe pulses
are generated from two optical parametric amplifiers (OPA), which are capable of producing
pulses with wavelengths from ultra-violet (UV, A = 266 nm) to near infrared (NIR, a few
micrometers). The polarization angle of the pump and probe pulses were set at the magic
angle 54.7° to avoid the contribution from polarization anisotropy due to the rotational

diffusions of the molecules [130,131].

The pump pulse was chosen at 266, 318, 330 and 400 nm to excite water molecules, thus
generating the prehydrated electron. The energy of the pump pulse used in all experiments
was between 80 nJ to 440 nJ. While the probe wavelength was chosen at 635 and 800 nm to
probe the absorption signal of equilibrated hydrated electrons or 480 to probe the dimer
radical anion ((SCN),"). The power detectors of the probe signal as well as the microstepping
motor stage were both connected to the computer and feedback information was given to a
labVIEW program. Hence real-time observations of electron transient absorption kinetic

traces are displayed in the labVIEW program.

All transient absorption traces were measured at room temperature (between 295.5 K and
296.5 K). All the liquid solutions were put in a 5 mm quartz cuvette with a constantly stirring

magnetic bar to avoid accumulation of reaction products.
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Ultrapure water with a resistivity greater than 18 M{/cm, and the organic content < 1ppb

obtained directly from a Barnstead Nanopure water system was used.
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Chapter 3
Direct Observation of the Prehydrated Electron with an Electron

Scavenger

3.1 Introduction

Potassium nitrate (KNOs) has long been known as an effective hydrated electron scavenger
with a high scavenging efficiency of 9.7x10"" M™s™ [19]. As the high reactivity of the
prehydrated electron was unraveled, it is reasonable to infer that potassium nitrate may
capture these excited states of the hydrated electron effectively. Moreover, quantitative
knowledge of the scavenging reactions of the prehydrated electrons is required when using
the electron scavenger to study the action of the e, Hence, in this chapter we present a

study of potassium nitrate with these excited states of the hydrated electron.

3.2 Experimental Details

We utilize the advantage of fs-TRLS to obtain real time observations of the scavenging
reaction dynamics. The pump pulse was chosen at 318, 330 and 400 nm to excite water
molecules, thus generating the prehydrated electron via two-photon excitation at 318 or 330
nm and three-photon excitation at 400 nm of water molecules. The energy of the pump pulse
used in all experiments was between 80 nJ to 440 nJ, depending on the laser conditions, to
achieve optimal signal. While the probe wavelength was chosen at 635 and 800 nm to probe
the absorption signal of equilibrated hydrated electrons. The power detectors of probe signal
as well as the microstepping motor stage were both connected to the computer and feedback
information was given to a labVIEW program. Hence electron transient absorption traces are

directly displayed by the labVIEW program.

Potassium nitrate from EMD™ was used as supplied. Ultrapure water with a resistivity
greater than 18 MQ/cm was obtained from an ultrapure water system (Barnstead’s Nanopure)
with <1 ppb total organic content, which was used in all sample solutions. All sample
solutions were held in a 5 mm quartz cuvette with a magnetic stirring bar to avoid any

photoproduct accumulation. All static one-photon absorption spectra were taken using a
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UV/visible spectrophotometer (Beckman, Life Science). All experiments were performed at

room temperature.

3.3 Determination of extinction coefficients for KNO3

Since the pump-probe spectroscopy involves photon excitation, the absorption of KNOj itself
to the pump pulse must be taken into account. Hence, the static absorption spectrum of KNO;
needs to be studied. Beer-Lambert Law states that the light transmitted through a substance
decays exponentially with respect to the concentration of absorbing species, the transmission

path length and the extinction coefficient. In liquid, Beer-Lambert Law follows:

I .
T=—=107" 3.1
i (3.1)

0

Where T is the transmission of light 7y, / is the path length, c is the concentration of absorbing
species, € is the extinction coefficient (or molar absorptivity) and it normally has a unit of M

'em™. The quantity absorbance is then defined as:
A=¢lc (3.2)

Hence, from static absorption spectrum (absorbance A), € can be determined according to

equation 3.2.

The absorption spectrum of KNOs is measured in a UV/Visible/NIR spectrophotometer
(Beckman, life sciences) with the concentration from 0.1 M to 0.5 M and 0.1 to 1.0 M for
318 nm and 330 nm, respectively. The absorption spectrum is obtained within wavelengths
of 190 nm and 450 nm. The absorption spectrum of 0.1M KNOs is demonstrated in Figure
3.1.

The extinction coefficient is extracted from Figure 3.1 by dividing 4 with path length /
=0.5 cm, ¢ =0.1 M. The extinction coefficient is plotted from 250 nm to 400 nm in Figure
3.1. Clearly, for the pump wavelength at 318 nm and 330 nm, the extinction coefficient is not
zero, which means the absorption of the pump pulse from KNO; must be considered. By
measuring the static absorption spectra from 0.1 M to 1.0 M KNOj3, extinction coefficients at

318 and 330 nm can be determined. These coefficients are determined by plotting the
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absorbance at 318 and 330 nm versus the concentration, which leads to a linear function as in
Figure 3.2. The slope denotes the product of &€ and /. Hence the extinction coefficient is

determined as &3;5=2.9 Mem! and €330=0.77 M em™ for 318 and 330 nm, respectively.
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Figure 3.1 The static absorption spectrum of KNOs.
3.4 Transient Absorption Kinetic Traces of epyq

3.4.1 Transient Absorption Kinetic Traces

In general, there are two approaches to study the dynamics of the prehydrated electron
through the femtosecond time-resolved laser spectroscopy: one is to directly monitor the
transient absorptional traces of the e, by probing its absorption in the infrared region; the
other is to monitor the transient absorptional traces of the enyq in the visible region, then the
initial yield of the hydrated electron is equivalent to the quantum yield of the prehydrated
electron since the prehydrated electron will thermalize into the hydrated electron, giving rise

to enya signal. In this way the prehydrated electron yield can be derived. The two approaches
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are essentially equivalent. In our project, because it is more convenient to produce laser

pulses in the visible region, we adopted the second approach.
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Figure 3.2 Extinction coefficients of potassium nitrate determined at 318 and 330 nm.

The pump pulse is chosen at 318, 330 and 400 nm to excite water molecules through the
two-photon (318 and 330 nm) or three-photon (400 nm) excitation processes, in order to
produce the major water radiolysis radicalss (OH radical and e, ).As illustrated in Figure
3.3, the prehydrated electron states are the excitated states of the hydrated electron. The
absorption of the hydrated electron at the 720 nm (1.7 eV) wavelength corresponds to the
transition from the hydrated electron (-3.2 eV) to the prehydrated electron (-1.5 eV) as shown
in Figure 3.3. The extinction coefficient of the hydrated electron is plotted in Figure 3.4. For
probe wavelengths 635 and 800 nm, the hydrated electron presents large extinction
coefficients around 17500 M's™ [19]. Therefore, at those wavelengths, we can detect the

transient absorption traces of eyyq in order to derive the dynamics of ey
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Figure 3.4 Absorption Spectrum of the radiolytic products of water. e, is the hydrated electron
(enya) [19]..

Using the femtosecond time-resolved pump-probe laser spectroscopy (fs-TRLS) technique,

the transient absorption spectra are detected in real time, as shown in Figure 3.5.

In Figure 3.5, the x-axis represents the time delay between the pump and probe pulses in
the units of picosecond (107'% s). The y-axis is the absorbance of the hydrated electron to the

probe wavelength, since the chosen probe wavelengths match the absorption band of the
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hydrated electron. Before time delay zero, clearly no absorbance signal was present,
indicating that before the excitation of water molecules by the pump pulse, the prehydrated
electron and hydrated electron were not yet generated. At time delay zero, a fast rise in the
electron absorptional signal is observed on the hundreds of femtosecond time scale. This time
scale corresponds to the lifetime of the prehydrated electron, implying that the prehydrated
electron is relaxing into the hydrated electron within the first several hundreds of
femtoseconds, giving rise to the hydrated electron signal. Hence, the formation kinetics of the
hydrated electron is equivalent to the decay kinetics of the prehydrated electron. In other
words, the initial yield of the hydrated electron at around 1 ps is the same as the quantum
yield of the prehydrated electron, that’s why the initial yield of the hydrated electron is
equivalent to the surviving yield of the prehydrated electron. This is an important notion
since our theoretical calculations will be based on this point. Followed by the fast rise, a
much slower decay was observed on the ns-us time scale. The decay arises from the
geminate recombination of eyyq with cations (H;O") and radicals ("OH and H") [19]. It is
generally accepted that geminate recombination refers to the process where thermalized
hydrated electron reforms water molecules upon reacting with cations (H;O") and radicals

present in solutions (mainly "OH radical and solvated protons H") [132].

By adding the electron scavenger potassium nitrate, one can clearly observe that as the
scavenger concentration increases, the initial yield of the hydrated electron decreases
accordingly. The decay kinetics of the hydrated electron remain relatively the same under
different scavenger concentrations though. This phenomenon is clearly observed because the
decaying traces are relatively parallel within the various concentrations, which reveals that
the scavenging reaction is happening between the prehydrated electron and potassium nitrate
rather than the hydrated electron and potassium nitrate for two reasons: first, the scavenging
reactions take place within the first picosecond, corresponding to the lifetime of the

prehydrated electron; second, if the reaction is occurring between the hydrated electron and
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Figure 3.5 Transient absorption kinetic traces obtained from fs-TRLS technique.
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the scavenger, one would observe a faster decay rate under higher scavenger concentration.

However, faster decay kinetics were not found for higher KNOj; concentrations.

As mentioned previously, potassium nitrate absorbs at pump wavelengths 318 and 330 nm.
Therefore, under those laser conditions, KNO; absorption to the pump pulse has a minor
attenuation of the pump intensity. This absorption loss will be taken into account in the later

data analysis part.

3.4.2 The existence of coherence spike

In femtosecond pump-probe experiments, at time delay zero, a strong spike is often found.
For example, under 7.8 eV and 7.5 eV excitation, at 2 M KNOj concentration when almost
all precursor electrons are completely scavenged (except a small portion of the electrons that
are beyond the reaction radius of KNOs3, hence the absorption signal is not zero), clearly at
pump-probe time delay zero there still exists a narrow non-electron signal peak as illustrated

in Figure 3.6.

This narrow peak is actually a non-resonant coherence spike, which is caused by the spatial
and temporal overlap between pump and probe pulses at time delay zero. It has been
observed universally in pump-probe experiments [101,106-109]. The existence of this
coherence spike affects the accuracy of probed transient absorption curves. In order to
eliminate this artificial effect, the spike signal obtained from 2 M KNOj solution is used as
the artificial background to be subtracted from other transient absorption traces. The
femtosecond time-resolved transient absorption traces with different scavenger concentration
presented here under pump pulses of 318 nm, 330 nm and 400 nm, are all with coherence

spikes removed.

However, the coherence spike can help to determine the time-delay zero. Time-delay zero
is the point when pump and probe pulses overlap temporally at the exact moment, giving rise
to the initiation of the experimental signal, as well as the coherence spike. Therefore, the
coherence spike is centered at time delay zero point. By finding the peak of the coherence

spike, the time-delay zero point can thus be determined. On the other hand, the coherence
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spike reveals the response function of the laser pulse in the time domain from its FWHM. In

our set-up, the response function was found to be 300 fs [101].
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Figure 3.6 Coherence Spike at time delay zero as detected from a 2 M KNOj solution.

3.5 Results and Discussions

3.5.1 Scavenging Reactions

In order to derive the reaction rate constant of the scavenger and the prehydrated electron
from the transient absorption spectra, the scavenging process is studied theoretically here.
There are two important facts about the scavenging: first, the scavenging and hydration
process of the prehydrated electron are in static competition, therefore competition kinetics
can be applied; second, since the scavenger concentration in the scavenging process and the
water concentration in the hydration process are both much greater than the concentration of
the prehydrated electron ([S] >> [ep | and [M] >> [ep. ]|), pseudo-first-order chemical

kinetics can be used. The reaction equations are as illustrated below:

€, .+ M—"—e, (3.3)
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€, +S——>S" (3.4)

Where equation (3.3) shows the hydration process of the prehydrated electron, M is pure
water. Equation (3.4) represents the scavenging process between the scavenger S and the
prehydrated electron. Applying pseudo-first-order kinetics, [S] and [M] can be considered as

static relative to the concentration of the prehydrated electron.

When there is no scavenger present, we only consider the hydration process, from equation

(3.3):

(3.5)
Y,

Where Y is the yield of the prehydrated electron at time ¢, Y, is the total yield of the

prehydrated electron and 1. 1s the intrinsic lifetime of the prehydrated electron.

When the scavenger S is added into the equation, one needs to consider both equation (3.3)
and equation (3.4):
E = o ISk M D _ -t/ (3.6)
Y,
Where Y is the yield of the prehydrated electron at time ¢ in the presence of the scavenger

S and 7 is the lifetime of the prehydrated electron in the presence of the scavenger S.
From equation (3.5) and (3.6):

kISl+—— =L ks1=1- L @

pre T pre

Therefore, the percentage scavenging P;. can be expressed as:

_y! ~tlt _;(l_L)
pYY ¢ 1.7 g

sc —tlt
Y e pre

Substitute equation (3.7) into equation (3.8):
P, =1-¢"" (3.9
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By definition, the percentage of survival is complement to the percentage of the

scavenging, therefore:

P

survival —

1- Py =" (3.10)

At t = 1., we have:

—T ks S]
pre™*S
survival €

@3.11)

The percentage of the prehydrated electron survived from scavenging is equivalent to the

initial yield of the hydrated electron, therefore:

kpre[s]

=Y, =™ (3.12)

survival

The plot of Yiy versus scavenger concentration [S] should follow an exponential relation
with a parameter being the product of the lifetime of e, and the reaction rate constant we
desired. Obtaining the initial yield of the enyq from transient absorption spectra under various
scavenger concentrations and knowing the lifetime of the e, allow this rate constant to be

determined.

3.5.2 Correction for KNO; absorption loss

Previously from the static absorption spectrum of KNO; we found that KNOs presents an
absorption band around 300 nm. Therefore, the pump pulses with wavelengths of 318 and
330 nm, have their intensities attenuated by the KNO; absorption as they pass through KNO;
solutions. Here we intend to develop a method to quantitatively correct for KNOj; absorption

loss.

Beer-Lambert law was stated previously. It describes the transmission of the light beam
passing through the solution with the concentration of absorbing species being ¢, path length
being / and € being the extinction coefficient of the absorbing species at the wavelength of

the light.

Furthermore, in two-photon excitation, the detected absorption signal intensity is

quadratically dependent on the pump energy intensity. This relationship is verified
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experimentally by measuring the absorption signal as a function of the power intensity of the

pump pulse as illustrated in Figure 3.7.

Assume without KNO; absorption loss, the pump intensity is /y and detected signal
intensity is 4g. With absorption by KNOs, the pump intensity and signal intensity drop to /
and A4, then the following relation should hold.

I
2

I

0

(3.13)

S

In addition, the ratio of initial yields (Y;, /Yi,) with and without scavenger absorption loss
should be proportional to the transmittance (7=1/1y). Combining Beer-Lambert law with the

rule of two-photon excitation, we have:

, 2
Y o A o7 =I_2=10-2€“' (3.14)
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Figure 3.7 Square root of the absorption signal is proportional to the pump energy intensity
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Therefore, the initial yield Y, of the hydrated electron without attenuation of pump

intensity by KNOj absorption can be expressed as:

Ll s

int 2
T

Where Y, is the initial yield of the hydrated electron read directly from the real-time

transient absorption spectra.

3.5.3 Reaction rate constants

Following equation (3.16), we corrected for KNOj3 absorption loss at 318 and 330 nm. Then

the previous scavenging equation becomes:

_T;rek re[S]
Y =e "7 (3.16)

nt

Plotting Y;,, vs [S] for different pump wavelengths as illustrated in Figure 3.8. According to
the scavenging equation 3.16, exponential fitting was performed on the data by using a least-
square fitting program. Clearly, though pump and probe wavelengths vary, the exponential
fittings of the data yielded similar results. Indeed, for other groups of data performed under
similar experimental conditions, similar data fitting results were found. Due to space
limitations, only 3 typical groups of data are shown here, they correspond to previous
transient absorption spectra and they represent the experimental results under three different
experimental conditions. The fitting parameter corresponds to the product of the lifetime of
epre and the reaction rate constant we desired. The lifetimes of ey are 180 = 30 and 545 =
30 fs as determined previously [101]. Taking the average of all available data and taking the
average lifetime of the prehydrated electron 1,.. = 360 fs, the reaction rate constant of €y

with KNOj is determined to be k. = (0.75 + 0.5)x10"° M"'s™".
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The uncertainty in our experiments mainly arise from the set-up of our pump-probe
experiments. For example, depending on the diameter of the pump beam, 1 M KNO; can
either scavenge almost all of the prehydrated electron or leave about 10 % of the prehydrated
electron depending on the photon density. Generally, when pump beam is unfocused (when
the photon density is low), the former case takes place and when the pump beam is tight,

more prehydrated electron can escape the scavenging.

It is interesting to compare our results with those of others. Back in the 1970s, the
decreases in the initial yield of the hydrated electron in scavenging reactions were already
observed using the picosecond pulse radiolysis equipment [91]. However, since the
prehydrated electron was not directly observed back then, there lacked the correct mechanism
to explain the observed decreases. Two categories of models have been proposed to explain
the reduction in the initial yield of the hydrated electron. In one model, the existence of a
presolvated state of the hydrated electron is proposed. The presolvated states of the hydrated
electron can react with neighboring scavenger molecules before they become localized
[91,133-138]. The other model is based on the encounter-pair model of Czapski and Peled
[139], where they believed the free electron becomes localized first then reacts with the
scavenger molecules. Other theories like the time-dependent reaction rate constant theory

[140,141] and electron-tunneling model [142] both fall into the second category.

In 1987, Migus et al directly observed the precursor states of the hydrated electron [93],
therefore, direct experimental observations supported the first model. Following the direct
evidence of the prehydrated electron, researchers started to test the reaction of the hydrated
electron scavengers with the precursor electrons of the hydrated electron. Some researchers
have noticed not all the hydrated electron scavengers are prehydrated electron scavengers,
but some of the scavenger molecules such as selenate ions (SeO4”), nitrate ions (NO3 ") and
(Cd") are quite efficient at capturing the prehydrated electrons [95,96,143,144]. For example,
from a “stochastic diffusion kinetic calculations”, it was reported that 1 M NOs™ scavenges
~90% of the electrons before hydration [95], which corresponds to a reaction rate constant of

1

the nitrate ion with the prehydrated electron at around 0.6x10"> M's™". Our results agree well

with this value. We have shown that at a 1 M concentration of nitrate ions, more than 90% of
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the prehydrated electrons are quenched. For concentrations as high as 2 M, KNO; can
scavenge almost all of the prehydrated electrons available, leaving less than 5% remaining
owing to the intermolecular distance of the prehydrated electron and the scavenger
molecules. Moreover, previous studies on the scavenging of the prehydrated electron did not
present the exact reaction rate constant of the nitrate ion and the prehydrated electron. Here,
for the first time, we report a quantitative analysis of the scavenging reaction, yielding a
reaction rate constant of ky. = (0.75 £ 0.5) xI 0" M 's™!. Compare this reaction rate constant
with that of the nitrate ion with the hydrated electron. The reported reaction rate constant of
enyd and NO3 is k =9.7x10° M 's! [19]. Therefore, the reaction efficiency of €ye and NO3~
is two orders of magnitude larger than that of enya and NOs', which further confirms the
high reactivity of €pre .

3.6 Concluding Remarks

This chapter presents direct observations of the ultrafast electron transfer reactions between
the excited states of the hydrated electron (the prehydrated electrons) and the electron
scavenger potassium nitrate. The experimental results were obtained from the femtosecond
time-resolved pump-probe laser spectroscopy. The experimental results were analyzed using
a derived scavenging theory and the quantitative scavenging efficiency was found to be kyr =
(0.75 + 0.5)x10" M's™". This large reaction rate constant confirms the high reactivity of the

prehydrated electron.
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Chapter 4
Direct Observation of the Prehydrated Electron with OH radical

Scavengers

4.1 Introduction

If one wishes to investigate the action of certain chemical species, this species will then
inevitably be studied in control experiments, where either the species is eliminated from the
experiment or the species is left alone in the experiments. In studies of the biological role of
the prehydrated electron, besides the prehydrated electron, the other active radiolysis product
of water is the hydroxyl radical, which has long been considered as the sole contributor to
indirect radiation-induced DNA damage. Since we wish to compare the prehydrated electron-
induced reductive DNA damage with the OH-radical-induced oxidative DNA damage, first,
we have to apply the electron scavenger and leave the hydroxyl radical as the only active
species in order to observe the effectiveness of the oxidative DNA damage. To aid such
studies, we have already studied the efficiency of a compound that can eliminate the
prehydrated electron. The scavenging efficiency of the electron scavenger potassium nitrate
with the prehydrated electron is obtained. The second step would be to study the reductive
DNA damage induced by the prehydrated electron in the absence of the oxidative DNA
damage. Therefore, the prehydrated electron would need to be preserved as the only active
species in water to facilitate controlled experiments. Hydroxyl radical scavengers can help to
rule out the oxidative DNA damage by removing OH radicals. However, the reactions
between the hydroxyl radicals and the prehydrated electron have never been studied. In order
to achieve precisely controlled experiments, one has to investigate the possible reactions of
the hydroxyl radical scavengers and the prehydrated electron, which is the main objective of
this part of the project. Moreover, if such reactions exist, the reaction efficiency will be

quantitatively determined.

The hydroxyl radical scavengers studied here are isopropanol and dimenthyl sulfoxide
(DMSO). Both of them are well-known OH radical scavengers and are widely used in

various biochemical experiments. The main advantage of applying DMSO as an OH radical
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scavenger is that DMSO is generally less toxic to living biological systems. For example, in
history, DMSO has been issued as a treatment drug for humans [145]. Generally a cellular

environment can tolerate DMSO and isopropanol concentrations as high as 2 M.

4.2 Experimental Details

Similarly, the standard methodology of fs-TRLS was adopted here to obtain real-time
observations of the scavenging reaction dynamics. The pump pulse was chosen at 330 to
produce e, through the two-photon excitation process. The energy of pump pulse used in
all experiments was between 80 nJ to 120 nJ. While the probe wavelength was chosen at 800

nm to probe the absorption signal of epyq-.

Dimethyl sulfoxide (DMSO) and isopropanol from Caledon Labs was used as supplied.
The PBS buffer used here contains 20 mM phosphate buffer (from NaH,PO4 and Na,HPO,)
and 0.15 M NaCl. The pH value was adjusted to 7.40. Ultrapure water with a resistivity
greater than 18 MQ/cm was obtained from an ultrapure water system (Barnstead’s Nanopure)
with <1 ppb total organic content, which was used in all sample solutions. All sample
solutions were held in a 5 mm quartz cuvette with a magnetic stirring bar to avoid any
photoproduct accumulation. All static one-photon absorption spectra were taken using a
UV/visible spectrophotometer (Beckman, Life Science). All experiments were performed at

room temperature.

4.3 Static Absorption Spectra

As it was mentioned previously, our state-of-the-art femtosecond time-resolved pump-probe
laser spectroscopy technique involves the photon excitation process to produce the
prehydrated electron, therefore, the absorption of the excitation photons by the studied
chemical compounds must first be considered. The static absorption spectra of isopropanol

and DMSO are as follows:
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Figure 4.1 The static absorption spectra of isopropanol and DMSO.

Clearly, at the chosen wavelength of 330 nm, no absorption occurs. Hence no absorption

loss is taken into account in the later data analysis part.

4.4 Transient Absorption Kinetic Traces

Transient absorption spectra of the hydroxyl radical scavengers were obtained using the fs-
TRLS technique as introduced earlier. The pump pulse is chosen at 330 nm to excite water
molecules through two-photon excitation with energy of 7.5 eV (2-photon), in order to
generate the prehydrated electron. Once more, the probe pulse wavelength is selected at 800
nm to facilitate the second approach to study the prehydrated electron, which states that the

final quantum yield of ey is essentially equivalent to the initial surviving yield of the

hydrated electron.
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4.4.1 Isopropanol

Transient absorption kinetic traces of isopropanol were detected in PBS buffer mixed the
isopropanol solution. The solubility of isopropanol is excellent in PBS buffer because it is
readily mixed with water at any concentration. PBS buffer is an important biological buffer
that can maintain a stable environment for biological molecules or systems such as DNA
molecules and cells. PBS buffer is non-toxic to cells, it can provide a stable environment
with a pH value of 7.4. Moreover, the osmolarity and ionic concentration of the PBS buffer
match those of the cells. Therefore, PBS buffer is widely used in biological experiments such
as immunoassays, microbiological procedures and cell culture procedures, etc. We applied
PBS buffer in DNA damaging experiments to stabilize the DNA molecules and minimize the
effects of scavenging molecules on DNA. Hence, a direct observation of reaction dynamics
in PBS buffer can directly be compared the results in biological experiments. The recipe for
PBS buffer was introduced in the experimental details section. Isopropanol is miscible in
PBS buffer solutions. The transient absorption spectra shown in Figure 4.2 were taken using
the fs-TRLS technique, with isopropanol concentrations ranging from 0 (pure PBS buffer) to
3M.

The fast rise in the hydrated electron signal is observed at time-delay zero on a hundreds of
femtosecond time scale, corresponding to the formation kinetics of the hydrated electron.
These formation kinetics of the hydrated electron also correspond to the decay kinetics of the
prehydrated electron. Following the fast rise in electron signal, the geminate recombination
of the hydrated electron with cations and other radicals results in the slow decay of the
hydrated electron. As isopropanol is added to the sample, the changes in the kinetic traces of
the hydrated electron are observed. Surprisingly, as the concentrations of isopropanol
increase, the initial yield of the hydrated electron decrease accordingly, but the decay trend
of the hydrated electron remain the same for different concentrations of isopropanol. This
finding directly proves that isopropanol scavenges the prehydrated electron though it is a
well-acknowlegded OH radical scavenger. At the high isopropanol concentration of 2 M,
about 25 % of the prehydrated electrons were eliminated by the isopropanol, implying that

isopropanol is not only an OH radical scavenger, it is also an efficient electron scavenger.

48



Isopropanol in PBS buffer

. . . —l— PBS buffer
0.018 4 Pump: 330 nm; Probe: 800 nm @ 0.25M Isopropanol

| A 0.5 M Isopropanol

—¥— 0.75 M Isopropanol

1 M Isopropanol
< 1.5 M Isopropanol

o
0.009 ®

o

o

-

[3,]
1

2 M Isopropanol
> —@— 3 M Isopropanol
«“«44444444+2 M KNO3

“““““‘.“.

o

o

-

N
1

A

0.006 ﬂ

Transient Absorbance (a.u.)

0.003 #

0.000

T T T T T T T " T " T " T " T " T " T " T " T " T " T "1 "1
2 414 0 1 2 3 4 5 6 7 8 9 10 11 12 13

Pump-Probe Time delay (ps)

Figure 4.2 Transient absorption kinetic traces of isopropanol in PBS buffer solutions.

The coherence spike was detected by using a high concentration KNOj3 solution of 2 M and
was included in the spectra. The intensity of this coherence spike is less than 10 % of that of
the maximum absorbance signal. Therefore, the effect of the coherence spike on the transient

absorption traces is negligible here.

4.4.2 DMSO

Dimethyl sulfoxide is commonly used as a biological reagent owing to its low toxicity to
biological systems. It can be used as a cryoprotectant to prevent cell death from the freezing
process, an inhibitor of DNA secondary structure formation in PCR (polymerase chain
reaction), and a drug for treatment of interstitial cystitis [146,147]. In addition, it is a

renowned ‘OH scavenger. We utilize DMSO as an "OH scavenger in our DNA damaging
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experiments. Here we intend to investigate the possible reactions between DMSO and the

prehydrated electron to precisely control the OH radical scavenging process.

Similar to the studies of isopropanol solutions, transient absorption spectra of DMSO were
detected in PBS-buffer-mixed DMSO solution with the aim of directly comparing the DMSO
scavenging efficiency of the prehydrated electron with that in the biological experiment.
DMSO is miscible with water and various solvents. The spectra obtained here have
concentrations of DMSO ranging from 0 (pure PBS buffer) to 3 M as illustrated in Figure
4.3.

The kinetic traces of the hydrated electrons were successfully detected in PBS buffer. In
Figure 4.3, at time-delay zero, the hydrated electron signal arises from the decay kinetics of
the prehydrated electron on hundreds of femtosecond time scale, corresponding to the
formation kinetics of the hydrated electron. The geminate recombination of the hydrated
electron with cations (H;0") and other radicals ("OH) is reflected in the slow decay of the
hydrated electron signal on a much longer time scale. When the concentration of DMSO
increases, the initial yield of the hydrated electron decreases accordingly. Note that the decay
trend of the hydrated electron remains relatively the same for the various DMSO
concentrations, indicating the scavenging reaction is taking place between DMSO and the
prehydrated electron rather than the hydrated electron. Strikingly, the result shows that
DMSO is an effective scavenger of the prehydrated electron though it is renowned OH
radical scavenger. At DMSO concentration of 2 M, only 50~54 % of prehydrated electrons
survived from DMSO scavenging, indicating that DMSO is a strong prehydrated electron
scavenger. This is more direct evidence proving that OH radical scavengers react with the

prehydrated electron. Such observations have not been reported in the literature yet.
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Figure 4.3 Transient absorption kinetic traces of DMSO in PBS buffer obtaind under pump pulse =
330 nm and probe pulse = 800 nm.

From the time-resolved absorption spectra of both isopropanol and DMSO solutions, the
pump-probe coherence spike at time delay zero is less than 10 percent of the total signal
intensity, as seen from the kinetic trace in high concentration of an electron scavenger KNOs.

Therefore, the effect of the coherence spike on the overall spectra is negligible.
4.5 Determination of Reaction Rate Constants

4.5.1 Isopropanol
The same methodology to calculate the reaction rate constant is adopted here. First, the
surviving yield of ep. is extracted from the transient absorption spectra of isopropanol at

around 1 ps. According to the theory of scavenging derived in section 3.5.1, the surviving
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yield of ey 1s an exponential function of the lifetime of e, , the scavenger concentration
and the reaction rate constant we desire. Therefore, by fitting the surviving yield of ey vs
isopropanol concentration using a built-in exponential function in a least-square fitting

program, we can obtain the following results as illustrated in Figure 4.4.

From the figure, we extract the initial yield of the hydrated electron in the isopropanol-PBS
mixed solutions and apply the same scavenging theory. Taking the lifetime of ey, as 360 fs,
the reaction rate constant of isopropanol with e, is determined to be k = 3.3 + 0.5x10"

M 's7!in PBS buffer.
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Figure 4.4 Exponential data fitting different concentrations of isopropanol in PBS buffer solutions.
Error bars are derived from the least square fitting results.

4.5.2 DMSO

The same methodology for calculating reaction rate constant is adopted here. First, the
surviving yield of ey 1s extracted from the transient absorption spectra of DMSO from the
initial yield of epyq at around 1 ps. According to the theory of scavenging, the surviving yield

of eye 1s an exponential function of the lifetime of e, , the DMSO concentration and the
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reaction rate constant we desire. Therefore, by fitting the surviving yield of ey vs DMSO
concentration using a built-in exponential function in a least-square fitting program, we can

obtain the following results as illustrated in Figure 4.5.

From the figure, we obtain the surviving yield of the prehydrated electron at each DMSO
concentration and apply the scavenging theory. By taking the lifetime of ey as 360 fs, the
reaction rate constant of DMSO with e, 1s determined to be k = 8.7 + 0.5x10"" M 's'in

PBS buffer.
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Figure 4.5 Exponential data fitting for DMSO in PBS buffer solutions. Error bars are derived from
the least square fitting results.

It 1s interesting to compare our results of the electron scavenging ability with the OH
radical scavenging ability of the OH radical scavengers. The reported OH radical scavenging
reaction rate constants of isopropanol and dimenthyl sulfoxide are: koy = 2x10° M's™' and
7x10° M 's™' [19]. Clearly, the electron scavenging rate constants obtained here are two
orders larger than the OH radical reaction rate constants. Moreover, these values are much

larger than most reaction rate constants reported for the hydrated electron, as most reaction
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rate constants for the hydrated electron are on the order of magnitude of equal or less than

10° M s 119].

4.6 Concluding Remarks

This chapter presents the first direct observations of the ultrafast electron transfer reactions
between e~ and the OH scavengers isopropanol and DMSO. The experimental results were
obtained using fs-TRLS and analyzed quantitatively, yielding large reaction rate constants
compared to those of OH radicals with isopropanol and DMSO, which once more confirms

the high reactivity of the prehydrated electron.
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Chapter 5
Obtaining the Relative Yield Ratio of OH Radicals and the

Prehydrated Electrons Using an "OH Scavenger

5.1 Introduction

Both the prehydrated electron and the hydroxyl radical are main radiolysis products of water
under irradiation. While the hydroxyl radical was generally considered as the major
contributor of radiation-induced DNA damage following radiotherapy treatment, we have
recently shown that the reductive DNA damage induced by prehydrated electrons could be
even more effective than the oxidative DNA damage caused by OH radicals [12,24]. In order
to compare the efficiencies of ‘OH and the e at inducing biological damage, the relative
yield ratio of both species (r = ["OH]/[ep ]) 1s an important quantity to analyze and facilitate
the prediction of the biological efficiency of *OH and e .

Previous studies on the relative yield ratio of "OH and the enyq have shown that as the
radiation energy decreases, r = ['OH]/[enyq ] increases [148,149]. For ionizing x-ray radiation,
the accepted ratio of yields is around 1:1 at 10° s following the radiation. As the energy
lowers, the ratio increases. For instance, for two-photon UV radiation at 200 nm, r is reported
to be 1.1+0.3 [148] and for 266 nm, the reported ratio is 1.7+0.9 [148] or 1.9 [149]. When the
radiation wavelength increases to 299 nm, the ratio r was reported to be 3.3+1.0 or even > 8
in the literature [148]. These observations can be explained by the fact that the lower the
excitation energy is, the more water molecules go through the dissociation channel to

generate "OH rather than the ionization process which produces more electrons than *OH.

The state-of-the-art femtosecond time-resolved pump-probe laser spectroscopy is a
fantastic tool to study ultrafast reactions of radicals and electrons at the femtosecond level. It
can provide direct observations of the radiolytic species of water molecules following two-
photon UV excitation. As we discussed previously, the direct observation of the prehydrated
electron was feasible using two approaches: detecting the prehydrated electron in the infrared
region; or probe the hydrated electron in the visible region, whose formation kinetics
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correspond the decay kinetics of the prehydrated electron. However, the direct spectroscopic
observation of "OH radicals is quite difficult due to the spectroscopic overlap of the “OH
radical absorption band at 230 nm with other species (for example, the hydrated electron)
[150]. Therefore, in order to observe the reaction dynamics of OH radicals and derive the
quantum yield ratio r, another scavenger of “OH is necessary to produce a scavenging product

with visible absorption band.

Thiocyanate ion (SCN) is an effective OH radical scavenger that can react with an OH

radical rapidly following two steps:
(1)SCN +"OH — SCN"+ OH"
(2)SCN"+SCN — (SCN),"

The rate constant of reaction (1) was reported to be k = 2.8 x 10'°M's™ or a combined
reaction rate constant of the above scavenging reaction was reported to be & = 1.1 x 10'' M
's1[19]. The absorption maxima of the product was at around 475 — 480 nm, and it was first
assigned to SCN" [151]. However, it was pointed out later that it is (SCN)," from reaction
(2) that contributes to the absorption band around 475 nm with the extinction coefficient
being € = 7100 M'em™ and at around 480 nm with the extinction coefficient being & = 7600
M'em™ [152,153].

There have been a number of studies utilizing SCN to quantify the amount of OH radical
in aqueous solution, as well as applying SCN as an OH radical scavenger to obtain the
reaction rate constant of ‘OH with other substances through competition kinetics. For
example, Zeller et al used thiocyanate ion to determine the quantum yield of OH radical
under the photolysis of nitrate and nitrite ions [154]. Here we intend to detect the thiocyanate
dimer radical (SCN),", from which the reaction dynamics of ‘OH can be observed.
Moreover, the quantum yield ratio of "OH and the e, (r=["OH]/[ep ]) can be deduced to aid
the comparison of oxidative DNA damage caused by ‘OH and reductive DNA damage
induced by the e .
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5.2 Experimental Details

Similarly, the standard methodology of fs-TRLS was adopted here to obtain real time
observations of the scavenging reaction dynamics. The pump pulse was chosen at 330 nm
and 266 nm to produce the ey through two-photon excitation process. The energy of the
pump pulse used in all experiments was between 80 nJ to 240 nJ. While the probe
wavelength was chosen at 480 nm to probe the absorption signal of (SCN)," and 800 nm to

probe the absorption signal of the epyq .

Potassium thiocyanate from Sigma Aldrich was used as supplied. Ultrapure water with a
resistivity greater than 18 MQ/cm was obtained from an ultrapure water system (Barnstead’s
Nanopure) with <1 ppb total organic content, which was used in all sample solutions. The
PBS buffer used here contains 20 mM phosphate buffer (from NaH,PO4 and Na,HPO,) and
0.15 M NaCl. All sample solutions were held in a 5 mm quartz cuvette with a magnetic
stirring bar to avoid any photoproduct accumulation. All static one-photon absorption spectra
were taken using a UV/visible spectrophotometer (Beckman, Life Science). All experiments

were performed at room temperature.
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Figure 5.1 Static absorption spectrum of 10 mM KSCN solution.
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5.3 Static Absorption

The static absorption spectrum of potassium thiocyanate (KSCN) is taken to assist the
selection of pump and probe wavelength. As shown in Figure 5.1, potassium thiocyanate
does not absorb in the near ultraviolet, visible and near infrared region. Therefore, at our
pump wavelength 330 nm and 266 nm, no attenuation of the pump pulse by KSCN should

occur.

5.4 Transient Absorption Kinetic Traces

Transient absorption kinetic traces of potassium thiocyanate were obtained using the fs-
TRLS technique as introduced earlier. In the biological experiment to assess the effectiveness
of the prehydrated electron, we have applied PBS buffer to to stabilize the DNA molecules
and minimize the effects of scavenging molecules on DNA. Therefore, all KSCN solutions
are prepared in PBS buffer, in order to compare the results with those in the biological
experiments that applied PBS buffer. The pump pulse is chosen at 330 nm to excite water
molecules through two-photon excitation with energy of 7.5 eV, to generate ‘OH radicals.
The probe pulse wavelength is selected at 480 nm, to facilitate the detection of (SCN),",
which has the maximum absorption band between 475 — 480 nm [151].

As observed from Figure 5.2, increasing the concentration of KSCN solution induces a
larger absorption signal at 480 nm. Moreover, the decay trend of KSCN solutions appears to
be different than the decay trend in pure water sample. These observations lead to the
speculation that the increased absorption signal comes from (SCN)," . In addition, if we
zoom in Figure 5.2 to a shorter time scale (< 20 ps) then we can actually observe that clearly
at the short time scale, when the KSCN concentration becomes larger, the initial yields of the
detected products increases correspondingly, as shown in Figure 5.3. Therefore, the
absorption signal increases consist of two parts: the increases in the initial yields of the
product on the ultrafast time scale (~ 1 ps) and the increases of the absorption product on a
much longer time scale (~ several nanoseconds). These two types of increases can be
attributed to two states of "OH radicals: an excited “hot” OH radical state which occurs on

the ultrafast time scale with short lifetime and the “cold” ground-state OH radicals with much
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longer lifetime [24]. The scavenging product (SCN)," was observed previously on
nanosecond even microsecond time scale [150]. One can infer (SCN)," has a relative long
lifetime possibly extending a few microseconds. Therefore, on the nanosecond time scale, the
detected signal comes from two parts: the first part comes from the accumulated (SCN),"
products from the reaction of KSCN with “hot” OH radicals; Moreover, in the low
concentration KSCN solutions present here, some of the “hot” OH radicals can escape the
scavenging reactions, relaxing into the “cold” OH radical states. Therefore, the second part of
the signal is the (SCN)," product produced from the reaction of KSCN with “cold” OH
radicals. The latter leads to the rise of the signal on the nanosecond time scale, which agrees

with the lifetime of the “cold” OH radicals.
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Figure 5.2 Transient absorption spectra of KSCN in PBS buffer solutions at a long time scale (~ 1500
ps). Pump wavelength = 330 nm, probe wavelength = 480 nm.
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However, we have to be careful in making such conclusions since at 480 nm, clearly the
hydrated electron absorbs the light as well. Therefore, in order to rule out the possibility that
the increasing signal is an electron signal, two approaches were performed. For the first
approach we applied an additional ‘OH radical scavenger into KSCN solution, if the
increasing signal is quenched in the *OH scavenger solution, then the signal should be the
same with that in pure water. The other method to distinguish the real (SCN)," signal from
the electron signal is to detect the hydrated electron signal directly around its maximum
absorption in KSCN solutions, for example, in our case we choose 800 nm. If KSCN
solutions do not produce extra electron signal under 800 nm detection, than the absorption

signal detected under 480 nm should belong to (SCN)," .
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Figure 5.3 Transient absorption spectra of KSCN in PBS buffer solutions at a short time scale (~15
ps). Pump wavelength = 330 nm, probe wavelength = 480 nm.

First, isopropanol as an "OH radical scavenger is applied in KSCN solutions. As one can

observe from Figure 5.4, in the presence of 2 M isopropanol, the absorption signal decreased
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Figure 5.4 Transient absorption spectra of KSCN with isopropanol in PBS buffer solutions. Pump

significantly in KSCN solutions. This indicates that 2 M isopropanol is able to quench the
previous increasing signal in KSCN solutions. Therefore, the increasing signal in KSCN
solutions involves OH radicals. However, even though isopropanol was applied at a high
concentration, it was not able to quench the increasing signal completely. This is due to the

fact that the two OH radical scavengers are in competition with each other. As it was pointed



out in the literature, KSCN is a strong OH radical scavenger, it scavenges OH radicals

according to the combined reaction:
2SCN +"OH — (SCN)," + OH

whose rate constant is reported to be k£ = 1.1x10'"" M's™ [19,155]. This rate constant is an
order larger than that of isopropanol with OH radicals: Kisopropanor =2x10° M Is! [19].
Therefore, KSCN competes aggressively with 2 M isopropanol in the above experiments. As
a result, 2 M isopropanol is not strong enough to quench all of the OH radicals before KSCN
reacts with them. On the other hand, we have discussed that “OH radical scavenger
isopropanol is also an electron scavenger. One may argue that when isopropanol was applied
in KSCN solutions, it quenched the electron signal as well. However, we have already
considered such scavenging effect by subtracting the PBS buffer absorption trace and PBS
buffer + 2 M isopropanol from the original 75/100 mM KSCN solutions in PBS buffer and
75/100 mM KSCN solutions with 2 M isopropanol in PBS buffer absorption traces,
respectively, as shown in Figure 5.4. Therefore, the influence of electron signal on these
(SCN)," absorption signal have been eliminated. Hence, the change in electron signal by

isopropanol is irrelevant after eliminating electron signal.

The second approach to distinguish the detected species from the electron signal intends to
probe the electron signal directly. Therefore, the probe wavelength is selected at 800 nm, the
pump pulse at 266 nm is used to produce prehydrated electrons and ‘OH radicals. The

transient absorption spectra are obtained in Figure 5.5.

Figure 5.5 clearly shows that the KSCN solutions do not produce prehydrated electrons
under UV irradiation. Otherwise, as KSCN concentration increases, the absorption signal
should increase correspondingly. This observation is further evidence that the signal detected

in our experiments under 480 nm was in fact the (SCN)," signal.
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Figure 5.5 Time-resolved transient absorption spectra of KSCN solutions detected using pump

wavelength = 266 nm, probe wavelength = 800 nm.

Furthermore, high concentrations of KSCN solutions show the same signal increases as

demonstrated in Figure 5.6.

Interestingly, at concentrations above 2 M, KSCN absorption traces under 480 nm overlap
with each other. This observation demonstrates that at concentrations higher than 2 M, the
absorption signal of the reaction product between KSCN and "OH radical is saturated. In
contrast to the low concentration KSCN solutions, under the high KSCN concentration (> 2
M), the “hot” OH radicals should be much less likely to escape the scavenging reaction.
Similar trend was observed in the scavenging reaction of the prehydrated electron with
KNOs, where the surviving yield of the prehydrated electron decreased significantly with
increasing KNOs concentrations. Eventually under 1 M KNO;, more than 90 % of the
prehydrated electron was quenched. Hence, under 2 M KSCN concentration, the “hot” OH

radicals probably were almost completely quenched by the SCN ions before they relax into
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the “cold” OH radical states. This also explains why under higher concentration, no rises in

the absorption signal were observed on the nanosecond timescale. In contrast, the slow decay

was observed in the high concentration KSCN solutions, which might be attributed to the

recombination of the (SCN)," with other ions or radicals in the solution. Therefore, the

saturated absorption intensity of (SCN),” under 480 nm should be approximately equal to

the amount of “hot” OH radicals produced from water radiolysis. Using the saturated

absorption intensity, one can obtain the relative yield ratio of “hot” "OH radicals compared to

the hydrated electrons, as shown in the following results and discussion section.
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Figure 5.6 Time-resolved transient absorption spectra of relatively high concentrations of KSCN

solutions in PBS buffer detected using pump wavelength = 330 nm, probe wavelength = 480 nm.

In summary, the observed increasing signal is attributed to the formation of (SCN)," and

not the electron signal because: first the detected species have strong absorption at 480 nm,
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which agrees well with the absorption spectra of (SCN)," ; Second, to rule out that the signal
increases are caused by the electron signal, applying another OH radical scavenger
isopropanol at suitable concentration is able to reduce the increased signal, which means the
formation of the detected transient species involve OH radicals; Third, by changing the probe
wavelength to the electron absorption wavelength 800 nm, we show that KSCN solutions do
not produce extra electrons under irradiation. Moreover, the observed increase in signal rises
rapidly on picosecond time scale. This supports the prediction of the existence of “hot” OH

radicals [24].

5.5 Results and discussions

From the high concentration data, one can see that at concentration higher than 2 M, the
absorption signal of (SCN)," is saturated in KSCN solutions. According to the discussions in
section 5.4, the amount of (SCN)," detected should be equal to the amount of “hot” OH
radicals produced in the sample. Hence, the relative yield ratio of “hot” OH radical and the
hydrated electron can be derived by knowing the absorption signal intensities of both
(SCN)," and the hydrated electron, as well as the extinction coefficients of both species at

the probe wavelength 480 nm. The following relation can be used

A(SCN)Z'— e g(SCN)Z'— ° [ OHhot]

Aehyd 8ehyd [eehyd ]

Where Ascwn)z.- 1s the absorption intensity of the observe (SCN)," signal, Aepa 1s the
observed hydrated electron absorption intensity. &scnyz.- and ey are the extinction
coefficients of (SCN)," and the hydrated electron, respectively. Therefore the relative yield

ratio r= ["OHyot)/enya can be obtained by knowing the above parameters.

From the literature, the reported extinction coefficient for (SCN)," at 480 nm 1s gcn)2.- =
7600 M'cm™ [153]. On the other hand, the absorption spectrum of the enyd has been known
for decades and the reported extinction coefficient for the enyq at 480 nm is eepyg= 4750 M
'em™ [19,156]. The absorption intensities of both species can be directly read off from the
transient absorption spectra obtained using fs-TRLS. Before getting the absorption intensity

of (SCN),", the electron signal must be subtracted from the transient absorption traces of
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KSCN solutions. After the subtraction, the transient absorption traces of KSCN should

represent solely the dynamics of (SCN)," , as shown in:
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Figure 5.7 Time-resolved transient absorption spectra of relatively high concentrations of KSCN in

PBS buffer solutions after subtracting the electron signal.

After comparing the absorption intensity of (SCN)," and the eyyq at ~1 ns, we obtain the

relative yield ratio of “hot” "OH radicals and epyq under 330 nm irradiation is:

["OH,o 1 Ascnyoe y Eoma  _ 3.816x107 4750

=55+0.8
[ehyd] Aehyd g(SCN)Z'— 4-347 X 10_4 7600

The initial yield of the prehydrated electron produced within 10™* s is about twice as much
as that of the hydrated electron around 10 s [19]. Moreover, about 64% of €pre (~10"* 5)

relax into enyg (~ 107%s) [97] and the yield of enyq decreases by 10% at 10° s compared to
y y
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that at 107 s [157]. Therefore, at around 107 s, the yield of enyq 1s at least half of the initial
yield of ep. . Hence, if we take the upper limit that ey (10" s)/ehy({(IO'9 s)=2:1 and neglect
the recombination of (SCN)," with other ions, then, the relative yield ratio r= ["OH]/[epr ] 1s
at least 2.8 + 0.4, where the uncertainty in this value mainly comes from the approximations
we made for epre (10" s)/ehy({(IO'9 s) ratio, and the laser beam condition as discussed in

Chapter 3, section 3.5.3.

Comparing our results with those reported in the literature, it was reported that when
radiation wavelength increases to 299 nm, the ratio r becomes 3.3+1.0 or even > 8 [148]. As
the wavelength extends to 330 nm, the relative yield ratio r will increase accordingly as
explained previously. Therefore, for those reported values, if the wavelength is extended to
330 nm, we find that our results would be close to the first value obtained by Elles et al,
whereas Elles et al’s second result would be much larger than our value if it is extended to
330 nm. In order to better compare our results to others, in the future the same experiments

can be performed at a pump wavelength of 266 or 299 nm.

Previously, when we conservatively used an estimated relative yield ratio of “hot” "OH
radicals and the prehydrated electrons as r = 2:1 under 330 nm irradiation, we obtained that
the prehydrated electron is at least twice as effective as the “hot” OH radicals at causing
DNA damage [24]. If we use this r = ["OHpe)/€pre = 2.8 £ 0.4 value to compare the efficiency
of reductive DNA damage induced by the e, with oxidative DNA damage caused by "OH,
we will find that eyr. is much more effective at inducing DNA single-strand breaks (SSB) and
double-strand breaks (DSB). In terms of SSB and DSB yields per radical, ey. is nearly 3
times as effective as the “hot” OH radicals at causing DNA damage. Therefore, the reductive
damage of DNA mediated by the e is a more important pathway in radiotherapy. Hence,
this conclusion further proves that understanding the action of the e, is the key to the more

efficient radiotherapy.

Moreover, from our observations, we confirmed the existence of a “hot” OH radical state
on the ultrafast time scale, analogous to the prehydrated state of the hydrated electron [24].

As it was well known that the OH radicals and prehydrated electrons are co-produced within
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1 ps under water radiolysis [20,158], the newly generated OH radical is likely to be in an
electronically excited state. Besides the ground state of the OH radical, there are four other
electronically excited states of OH radicals in gas-phase[159]. One of those electronic states
is a Rydberg state, which has been observed previously in gas-phase studies of OH radicals
produced from discharging a condenser through a mixture of O,, H, and He [160]. The “hot”
OH radical state proposed in our project is likely to be one of these electronically excited
states. However, the details about “hot” OH radical states generated in liquid water under
irradiation are not clear. They remain to be elucidated using advanced scientific tools that can
detect chemical dynamics on the ultrafast time scale, such as our state-of-the-art fs-TRLS

technique.

5.6 Concluding Remarks

This chapter presents the studies of the scavenging reactions between OH radicals and an OH
scavenger potassium thiocyanate (KSCN). By detecting the absorption of the reaction
products in real time using fs-TRLS, we observed two states of the OH radicals: the hot OH
radical state on an ultrafast time scale (~ 1 ps) and the cold state on a much longer time scale
( ~ a few nanoseconds, corresponding to the previously reported lifetime of OH radicals
[11]). The hot OH radical state might be more relevant at inducing biological damage. By
comparing the absorption intensities of the reaction product and the hydrated electron, the
relative yield ratio of hot OH radicals and the prehydrated electrons r = 2.8 = 0.4 was
obtained. This value proves that the prehydrated electron is nearly twice more effective at

inducing DNA damage than the OH radicals.
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Chapter 6 Conclusions

Knowledge of the rate constants for the reactions of the prehydrated electron with electron

scavengers and OH radical scavengers is needed in order to predict the action of the

prehydrated electron in biological events, such as radiotherapy. Moreover, knowing the

relative yield ratio r=[OH]/[e, ] 1s necessary to assess the biological effectiveness of OH

radicals and the prehydrated electrons at inducing DNA damage under radiotherapy. In this

thesis, we present a quantitative study on the rate constants of the prehydrated electron with

both electron and OH radical scavengers, as well as a quantitative study on the relative yield

ratio of OH radicals and the prehydrated electron using the state-of-the-art femtosecond time-

resolved pump-probe laser spectroscopy (fs-TRLS). From our results, we conclude:

The high reactivity of the prehydrated electron is confirmed from the large reaction
rate constant obtained for an electron scavenger, potassium nitrate, with the
prehydrated electron. The rate constant k., = (0.75 £ 0.5)x 10° M 's is three orders
larger than the k for the ep,q with NO3 k =9.7x10°M's™ .

From the transient absorption spectra, the decreases in electron yields all take place
within 1 ps — giving direct evidence that the scavenging reaction happens between the

epre and KNOj rather than the enyq” and KNO;.

One can clearly observe that potassium nitrate with concentration around 2 M can
nearly completely quench the prehydrated electron. Therefore, KNO;3 could be used
as a good scavenger to assist researchers investigating the electron transfer processes
that involve the prehydrated electron.

The reaction rate constants of the prehydrated electron with isopropanol and DMSO

are on the order of magnitude of 10" M's™

, which are two orders larger than the
reaction rate constants of OH radicals with isopropanol and DMSO: koy = 2x10°
M 's™" and 7x10° M's”, respectively, again confirming the high reactivity of the

prehydrated electron.
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*  We present the first direct evidence that “OH scavengers isopropanol and DMSO are
also effective scavengers of the prehydrated electron using our advanced fs-TRLS
technique. When DMSO and isopropanol are applied as OH radical scavengers, their

reactions with the prehydrated electron must be taken into account.

* Analogous to the prehydrated and hydrated electron state formed under the radiolysis
of water, we observe two different states of OH radicals as well: the “hot” excited OH
radical state, with an ultrafast lifetime and the long-lived “cold” OH radical ground

states as observed from time-resolved transient absorption spectra.

* Under 330 nm two-phonton UV irradiation, water radiolysis produces “hot” OH
radical and the prehydrated electron with a relative yield ratio of 2.8 + 0.4.
Incorporating this ratio into our recent studies on the effectiveness of reductive DNA
damage caused by the prehydrated electron, one can conclude that the yield of
reductive DNA strand breaks induced by a e, is nearly 3 times as effective as the

oxidative DNA strand breaks caused by an OH radical.

In summary, the prehydrated electron generated under water radiolysis is an effective DNA
damaging agent in radiotherapy. Understanding the role of the prehydrated electron in
radiation-induced reductive DNA damage can shed light on the possible methods that can
improve radiotherapy efficiency. The quantitative studies present in our project on the
scavenging efficiency of the prehydrated electron by both electron and OH radical
scavengers provide important information for regulating the prehydrated electron in
biomedical related studies. Moreover, obtaining the quantitative relative yield ratio of the OH
radical and the prehydrated electron facilitates the direct comparison of OH radical induced

oxidative DNA damage and the prehydrated electron induced reductive damage of DNA.
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