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ABBREVIATIONS AND SYMBOLS

‘'OH

0,

“C NMR
"H NMR
3-meA
'RB**
3-meA
4-NHE
6-4PPs
7-meG
8-0x0A
8-oxodG
8-0xoG
8-HDF
A
AcEtO
ACN

AP
APTES
Au

BER

BP
CASSCF
CASPT2

Hydroxyl radical

Singlet oxygen

Carbon-13 nuclear magnetic resonance
Proton nuclear magnetic resonance
N3-methyladenine

Triplet excited state of Rose Bengal
N3-methyladenine
Trans-4-hydroxy-2-nonenal

6-4 photoproducts
N7-methylguanine
8-0x0-7,8-dihydroadenine
8-oxo-deoxyguanosine
8-0x0-7,8-dihydroguanine
8-hydroxy-5-deazaflavin

Acceptor

Ethyl acetate

Acetonitrile

Apurinic sites
(3-aminopropyl)triethoxysilane
Gold

Base excision repair
Benzophenone

Complete active space self-consistent field

Complete active second-order perturbation theory
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CBP
CBP~
CBPH’
CH.CL,

CI

CPDs

D

D,O
DABCO
DewarPPs
DFT

dG

DLS
DMF
DMSO-d6
DNA
DSB

€
g-adducts
edA

edC
edCH"

EDC

edG

4-carboxybenzophenone
4-carboxybenzophenone radical anion
4-carboxybenzophenone ketyl radical
Dichloromethane

Conical intersection

Cyclobutane pyrimidine dimers
Donor

Deuterated water
1,4-diazabicyclo|2.2.2]octane

Dewar valence isomers

Density functional theory
2’-deoxyguanosine

Dynamic light scattering
N,N-dimethylformamide

Deuterated dimethyl sulfoxide
Deoxyribonucleic Acid

Double strand break

Molar absorption coefficient

Etheno adducts

1,N6-etheno-2’-deoxyadenosine
3,N4-etheno-2’-deoxycytidine

Protonated form of edC
N-(3-dimethylaminopropyl)-N-ethylcarbodiimide
hydrochloride

1,N2-etheno-2’-deoxyguanosine
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Es Singlet excited state energy

Er Triplet excited state energy

EFa Enhancement factor

ET Energy transfer

Et,O Diethylether

of Fluorescence quantum yield
disc ISC quantum yield

F Fluorescence

FAD Flavin adenine dinucleotide

FapyA 4,6-diamino-5-formamidopyrimidine
FapyG 2,6-diamino-4-hydroxy-5-formamidopyrimidine
FC Frank-condon

ForU 5-formyluracil

FRET Forster resonance energy transfer

G™ Guanine radical cation

GGR Global genomic repair

Gh Guanidinohydantoin

H,O Water

H,0, Hydrogen peroxide

HmU 5-Hydroxymethyluracil

HOMO  Highest occupied molecular orbital
HRMS- High resolution electrospray ionization mass
(ESI) spectrometry

hv Light

IARC International agency for research on cancer

I1C Internal conversion
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Inductively  coupled  plasma-optical — emission

ICP-OES spectroscopy

IR Tonizing radiation

IRF Instrument response function

ISC Intersystem crossing

K,CO; Potassium carbonate

kg Intrinsic decay rate constant

kg, Quenching rate constant

A Fluorescence emission maximum
LFP Laser flash photolysis

M Absorption maximum

Ap Phosphorescence emission maximum
LPO Lipid peroxidation

LSPR Localized surface plasmon resonance
LUMO Lowest unoccupied molecular orbital

MeOH Methanol

MGMT  O®methylguanine-DNA methyltransferase
MMR DNA mismatch repair

MTHF 5,10-methenyltetrahydrofolate

N2,3-edG N2,3-etheno-2’-deoxyguanosine

Nd-YAG Neodymium-doped yttrium aluminium garnet
NER Nucleotide excision repair

NH,OH  Ammonium hydroxide solution

NHE] Non-homologous DNA end joining

nm Nanometer

NPs Nanoparticles
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NTO Natural transition orbitals
O, Oxygen
O," Superoxide Anion

06-meG  O6-methylguanine

Ox 2,2-diamino-oxazolone

P Phosphorescence

PBS Phosphate-buffered saline
PDI Photodynamic inactivation
PDT Photodynamic therapy

PES Potential energy surface

PET Photoinduced electron transfer
Phs Photosensitizer

ps picosecond

Pyo 5-methyl-2-pyrimidone

QDs Quantum Dots

RB~ Rose Bengal radical cataion
RB™ Rose Bengal radical anaion
RB* Rose Bengal

ROS Reactive oxygen species

So Ground state

SB Strand break

SEF Surface enhanced fluorescence
SERS Surface enhanced raman scattering
S, Singlet excited state

Sp Spiroiminodihydantoin

SSB Single strand break
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SSET
TBDMSCI
TCR
TD-DFT
TEM
TEOS
TFA

<t>
Ts

T,

R

Tr
TTET
UDG
uv
Vis
VR

Cp
aKG

Singlet-singlet energy transfer
Tert-butyldimethylsilyl chloride
Transcription-coupled repair
Time-dependent density functional theory
Transmission electron microscopy
Tetraethyl orthosilicate
Trifluoroacetic acid

Average lifetime

Fluorescence lifetime

Triplet excited state

Retention time

Triplet lifetime

Triplet-triplet energy transfer
Uracil DNA glycosylase
Ultraviolet (UVA, UVB and UVC)
Visible

Vibrational relaxation

Zeta potential

2-oxoglutarate
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1.1. THE POWER OF SUN INVOLVED IN CHEMISTRY

Since the beginning of time, the Sun has been associated with
energy, life and heat. It has been deified by many ancient cultures
but also exploited by civilizations like Mayans as a time reference to
build their calendar.

Undoubtedly, over the history the Sun has been the main player
in many aspects of our lives. For chemists, the end of the 19"
century marks a new era when a chemist called Giacomo Luigi
Ciamician in the balcony of his institute began to glimpse the
chemistry hidden behind the solar light absorption of matter.
Together with is mate Paul Silber, he systematically studied the
behavior of organic substances towards light. This way, they
discovered photoreactions such as the conversion of quinone to
hydroquinone, the [2+2] photocycloaddition through the formation
of carvone camphor from carvone, etc. During his career, Giacomo
dedicated all his efforts to develop a new area of chemistry called
Photochemistry.

| f 13
A/ '\‘\' |

i

Basldy] e H
\ e o
9}@

il (_J~UJ3LJ0
:f{l

"

= Sl

R |
‘|

111
.k‘

Pl I
r/.!

< S

Figure 1. 1. Painting of Giacomo Ciamician and his flasks collection exposed to
the sun on the balcony of his institute.

Q/,l
\52’

From then on, this field began to grow unveiling the
importance of the Sun in our daily life. For instance, its involvement
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in some physiological mechanisms of living species like the
formation of vitamin D for humans, or the photosynthesis in plants.

It is well-known that the Sun is capable of emitting
electromagnetic radiation extending from radio to gamma-rays, this
is what is called solar spectrum. Among the different regions, the
ultraviolet (UV) part has been recognized to be particularly harmful
for living organisms. It is divided into 3 portions: UVC (up to 290
nm), UVB (290 — 320 nm) and UVA (320 -400 nm). But Earth has
its own protection shield, the ozone layer, which absorbs the most
energetic UV radiation from . 200 nm to 310 nm. Thus, UVC and
part of UVB are filtered, whereas UVA penetrates and represents
more than 95% of the UV radiation that reaches the Earth surface.
These wavelengths, together with the visible (Vis) region (400-700
nm) are biologically active. They can be absorbed by some
biomolecules or endogenous compounds and cause beneficial but
also harmful effects such as mutations that can evolve into skin
cancet.

Any part of a molecule able to absorb light is called
chromophore. This is for example the case for organic molecules
containing groups such as double bonds, carbonyl groups, aromatic
rings, enones, etc. These compounds in the presence of light can
undergo physical and chemical changes, which are studied in the
fields of photophysics and photochemistry.

1.1.1. Mechanisms behind the photophysics and
photochemistry of molecules

The light, formed by elemental particles called photons, has a
dual wave-particle nature. Photochemical or photophysical
processes can only take place when one photon (with an energy hv)
is absorbed by a chromophore. This is the First Law of
photochemistry attributed to Grotthuss and Drapper. '
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1.1.1.1. Photophysical processes

As a general definition, photophysics describes photoexcitation
and any subsequent process that does not involve any chemical
change.

Everything starts with the absorption of a photon by a
chromophore that gives rise to an electronic transition; one electron
promotes from an occupied orbital to an unoccupied orbital of the
same molecule.

The knowledge of the electronic transitions taking place in
a molecule allows predicting its photoreactivity or its radiative or
nonradiative deactivation mechanisms. Orbitals can be of different
types: G orbitals, T orbitals generally found in unsaturated systems,
or the nonbonding n orbitals present for example in heteroatoms
such as oxygen or nitrogen.” An asterisk is added to refer to
antibonding orbitals (6* or m*). The way to express a transition
from an orbital to another one consists in citing the initial and final
orbitals, for example transition of a non-bonding electron (n) to an
antibonding orbital (1*) will be labeled as nm* (Figure 1.2).

] GROUND STATE ‘

EXCITED STATE

S*

LumMo Pp*

HOMO

H
b4t
b 1

np* pp*

Figure 1. 2. Electronic transitions depending of carbonyl groups.

The electronic transition with the lowest energy corresponds to
promotion of an electron from the Highest Occupied Molecular
Orbital (HOMO) to the Lowest Unoccupied Molecular Orbital
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(LUMO). Transitions between other occupied and unoccupied
orbitals can also take place depending on the absorbed energy.

The photophysical processes occurring after light absorption
are summarized in the Jablonski diagram (Figure 1. 3). After
excitation, the molecule has reached a singlet excited state (S,),
which is a really unstable species that aims to deactivate by radiative
or non-radiative processes to return to the ground state (Sy). Any of
the vibrational levels of S, can be populated, thus, the first process
to occur is vibrational relaxation (VR) to reach the zero vibrational
level, followed by internal conversion (IC) until reaching the lowest
singlet excited state, S;. All these deactivation ways are radiationless
and are represented by curved arrows. At this stage, different
pathways are open: the molecule can reach its ground state through
IC, though a radiative process called fluorescence (F) or intersystem
crossing (ISC) can occur populating a triplet excited state T',. In this
latter, by contrast with singlet manifold, the two spins are parallel,
and the multiplicity, 25+1, is 3. Once populated through ISC, T,
suffers the same deactivation path as S,, ie. VR, IC, but after
reaching the lowest triplet manifold T deactivation to S, takes place
through nonradiative ISC or phosphorescence emission (P).

IONISATION ENERGY
—  Energy levels
Absorption 1095

Fluorescence 100/ 107 s
Phosphorescence 10¢/10s
e Intersystem crossing 100/ 10% s
e Internal conversion 101 /109 s
Vibrational relaxation 10-12/ 1010 s
So

Figure 1. 3. Jablonski diagram.
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Under particular conditions, excited states are capable to
absorb a second photon promoting the electron to further upper
excited states or even reach the ionization level.

Photochemical and photophysical processes are continuously
competing. For this reason, it is crucial to known the photophysical
propetties of the molecules/chromophores absotbing the radiation,
in order to envisage what type of photophysical or photochemical
processes they can produce.

1.1.1.2. Photochemical processes

Photochemistry is defined in the gold book of IUPAC ° as the
branch of chemistry concerned with the chemical effects of light. It
entails all the transformations that a molecule undergoes under
irradiation related with its structure or electronic configuration,
which differs from their initial ground state. *

Photochemistry plays an important role in natural and chemical
processes since this discipline can access types of reactions that
classical (thermal) chemistry cannot. Indeed, there are many
“ground-state” reactions that have photochemical counterparts,
one can cite for example photocycloadditions, photo-Fries
rearrangement, photoisomerizations, etc. It is noteworthy that the
photochemical routes offer the advantage over thermal methods of
forming thermodynamically disfavored products, overcoming large
activation barriers, and allowing reactivity otherwise forbidden in
thermal reactions.

Light can be directly absorbed by the molecule of interest,
triggering the purported reactivity, or it can be absorbed by another
compound, called photosensitizer (Phs), which in turn will mediate
the desired alteration. Photosensitized reactions are generally
classified into different types of processes including energy transfer,
Type I or Type 1I oxidations.



||
- 6 Chapter 1

1.1.1.2.1. Energy Transfer

During energy transfer processes, the excited molecule,
designated as the donor D* (Figure 1. 4), transfers its excess of
energy to another molecule called acceptor (A) (Figure 1. 4) leading
to the excited state of the acceptor (A*). This process permits an
indirect excitation of A using an excitation wavelength that A does
not absorb but D does. Singlet-singlet (SSET) or triplet-triplet
energy transfer ('TET) can take place depending on the multiplicity
of the donor excited state.

LUMO —@— E—
— t .
HOMO —@— - e o —
D* + A D + A

Figure 1. 4. Overall ET mechanism.

Energy transfer (ET) proceeds downbhill, ie. the energy of D
excited state is higher than that of A. Moreover, ET must compete
with intrinsic deactivation of D*; thus, to be efficient the ET rate
constant must be higher than that of D* intrinsic relaxation.

Two different types of ET mechanism exist. The Foster
resonance energy transfer (FRET) occurs through a dipole-dipole
coupling for which the orbital orientation between donor and
acceptor has to be optimal. Interestingly, this mechanism is effective
at distances of up to 100 A.

For the electron exchange mechanism, also known as Dexter
mechanism, the molecular orbitals of donor and acceptor have to
overlap. For this reason, it occurs at short-range, typically within 10
A. While SSET can take place through both types of processes,
Dexter mechanism is the dominant one for TTET.
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1.1.1.2.2. Photosensitized redox reaction
1.1.1.2.2.1. Type I reactions

Type I reactions are photoredox reactions that involve the
generation of radicals or radical ions as reactive intermediates of
electron transfer or H-abstraction mechanism. This is usually the
initiation step in radical chain reactions that ultimately lead to
oxygenated products.

The electron transfer, or photoinduced electron transfer (PET), is a
charge-transfer type mechanism that involves two different
molecules a donor (D) and an acceptor (A). This mechanism is
governed by the reduction potential (E..q) of the photosensitizer in
its excited state and that of the substrate in its ground state. The
excited photosensitizer can play the role of the oxidant or reductant,
ie. it can abstract or inject an electron to the substrate (Figure 1. 5).
This leads to the formation of two ground-state species, the radical

anion of the acceptor (A*) and radical cation of the donor (D*"). >

HOMO

LUMO - _l_
s e

D* + A-

| PHOTOSENSITIZER AS PHOTOOXIDANT \

Figure 1. 5. Schematic representation of PET mechanism.
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Finally, another Type I reaction is hydrogen atom abstraction.
This process is generally, but not only, observed for compounds
exhibiting S;(nm*) or T;(nm*) excited states, as it is common for
ketone derivatives. The excited ketone moiety abstracts a hydrogen
from a donor like alcohols, forming ketyl radicals (Figure 1. 6).
Then, these radicals abstract a second hydrogen from their
environment or recombine to form alcohols or diols, respectively.

OH OH OH OH
- +
Ry R OH A
R R R 7R, R R,
R| RZ
OH
OH OH Ri™* "Ry R:;)\Ra
J\—}\ OH OH
R R
R, R R "
OH * R, Ry T
Ry Ry

Figure 1. 6. H-abstraction mechanism and its possible products.

1.1.1.2.2.2. Type II reactions

Type II reactions involve the generation of singlet oxygen
('O,), this species is part of the reactive oxygen species (ROS)
together with hydroxyl radical (OH), hydrogen peroxide (H,O,)
and superoxide anion (O,").

The ground state of diatomic oxygen (O,) is a triplet state ('Z,,
O,) with two electrons of parallel spin in separated T* orbitals.
Singlet oxygen is an excited state of oxygen, which is formed
through energy transfer from a photosensitizer, normally in its
triplet excited state, to oxygen (O,). Each photosensitizer molecule
can typically produce 10°-10° molecules of 'O, before being
degraded through photobleaching by 'O,or by some other

processes. 6

10
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Two 'O, states exist, 'A, and X, but if not specified otherwise
'O, generally refers to 'A, state, which has a lifetime of around 107
—107% in solution " and emits phosphorescence at 1270 nm. It may
interact with other molecules through physical quenching, ie. after
deactivation, neither consumption of oxygen nor product formation
is observed; conversely, chemical quenching usually results in O,
consumption and photoproduct formation.

Type II reactions are widely used in the photobiology fields for
therapeutic purposes such as photodynamic therapy (PDT) or
photodynamic inactivation (PDI) of bacteria.

1.2. BIOLOGICAL DAMAGES IN HUMANS
1.2.1. Dark lesions in DNA

Deoxyribonucleic acid (DNA) encodes genetic information which
is crucial for the preservation of life. However, DNA is exposed to
many endogenous and exogenous chemical agents that can violate
its integrity. It is noteworthy that the DNA in a single cell can
experience, at least, one million structural changes per day.’
Fortunately, DNA has its own repair mechanisms to prevent aging
and fatal errors. Nonetheless, the activation of this process holds
the cell cycle and thus delays its division. This is what is known as
aging process. However, the presence of DNA damages in cell
increases the genotoxic stress, resulting in a higher accumulation of
oxidative DNA damages together with high formation rates of ROS
compared to that occurring during aging. * This excess of lesion
could endanger the cell viability as it can accumulate in the same
organs triggering in an accelerated aging, '’ generating a high risk
spot with damaged cell that can end in cancer appearance.

11
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Figure 1. 7. Types of DNA lesions. In brackets, frequency rate per cell per day.

It is noteworthy that numerous errors (Figure 1.7) come from
normal  cellular processes such as  depurination and
depyrimidination. In these processes, the B-N-glycosidic bond
between the deoxyribose and the purine or pyrimidine base is
hydrolyzed generating a site lacking a base, known as an abasic site.
Depyrimidination, with a frequency of . 10° damages per cell per
day, has a very slow rate compared with that of depurination of ¢a.
10* " This damage not only can be generated spontaneously but
also as an intermediate during the base excision repair process;
therefore, any error occurring during the repair process would lead
to an abasic site, which could provide a route to mutation upon
replication.

Another spontaneous modification during DNA replication is
the addition of an erroneous base in the new DNA strand that gives
rise to a mismatched base pairing. Two types of base pair mismatch
exist depending on the type of change produced. Transition refers
to a mutation in which one base is replaced by another of the same
class (purine by purine and pyrimidine by pyrimidine) and
transversion involves a mutation in which a purine is replaced with
a pyrimidine or vice versa."

The integrity of the nucleotide structure can also be
compromised in the case of adenine, cytosine and guanosine that
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contain exocyclic amines, which can undergo deamination. Removal
of the amino group leads firstly to the formation of ammonia, which
ends up as urea after an enzyme-assisted addition of carbon dioxide.
This process occurs frequently in the liver or kidney and, has a high
frequency rate of 10° per cell per day. "'

The vast majority of DNA lesions disturbs the DNA helix
structure by modifying the bases. However, some processes can also
lead to strand break formation. In this case, the phosphodiester
backbone is broken on one strand, ie. single strand break (SSB), or
on both strands, ie. double strand break (DSB). This type of lesion
comes both from exogenous agents like ionizing radiation (IR), and
endogenous processes like oxidative stress and reactive oxygen
species (ROS) generation or from errors produced during the
replication process."

It has been established that above all the DNA damages
present within the cell, strand break (SB) is one of the most
dangerous one with a rate frequency of 10*-10* per cell per day."
Sometimes, these SBs are the consequence of the action of drugs
that cause crosslinks within the DNA creating a covalent link
between two bases. This interaction can occur between nucleotides
of the same strand (intrastrand crosslink) or between nucleotides of
opposite strands (interstrand crosslink). Crosslinks appear
approximately 10° times per cell per day ', and have important
cytotoxic effects as they can block the processes of transcription or
replication.'* UV radiation is one of the most common exogenous
agents producing crosslinks. It is especially responsible for
crosslinks formation between two pyrimidine bases that are located
consecutively within the same strand. These lesions are commonly
known as a cyclobutane pyrimidine dimers (CPDs) or 64
photoproducts  (6-4PPs). " Other exogenous agents are
chemotherapeutic compounds for treating cancer like nitrogen
mustards or cisplatin. These drugs are classified as bifunctional
alkylating agents as they are able to covalently bind to the two DNA
strands, tresulting in an interstrand crosslink formation.'® Their
bifunctional reactivity differentiates them from other drugs causing
one site alkylating damages.

Alkylation of DNA occurs with a frequency up to 10° per cell
per day."" Nucleotides have several reaction sites (Figure 1. 8) that
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can be attacked by endogenous or exogenous agents. In this
context, recurrent damages result from guanine methylation at N7
or O6 giving rise to N7-methylguanine (7-meG) and O6-
methylguanine (O6-meG), respectively, or from adenine leading to
N3-methyladenine (3-meA). Some of these damages are cytotoxic
and can block replication, interrupt transcription or activate
apoptosis, but they can also be mutagenic by inducing miscoding
and causing mutations in newly synthesized DNA."” However, not
all the alkylating processes end up in mutation, they can also be
cytotoxic or innocuous to the cell. Interestingly, alkylation is used
by the cell in some mechanisms. This is the case for formation of
the epigenetic base 5-methylcytosine, which regulates gene
transcription. ' Therefore, this process has not just a negative
connotation for our health as it can also be beneficial.

+
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Figure 1. 8. Nucleotide reactive sites predisposed to alkylation.

Orange arrows in Figure 1. 8 show vulnerable sites for base
oxidation. This type of damage comes as a result of a metabolic
process or is due to exposure to environmental toxins, which
produces reactive oxygen species (ROS), being this latter the main
pathway for nucleobase oxidation. For example, singlet oxygen can
oxidize guanine yielding to 8-oxo-7,8-dihydroguanine (8-oxoG),
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which is the most common oxidatively formed lesion. Figure 1. 9
encloses other important oxidative lesions such as 2,6-diamino-4-
hydroxy-5-formamidopyrimidine (FapyG), spiroiminodihydantoin
(Sp), thymine glycol, 5-hydroxycytosine and 5-hydroxyuracil.
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,.Tm N”NH, e i N, ':'.Tn N NH,
8-oxoguanine Sp Fapy-G

NH,
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HN N# ] = HN |
R oy oy
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thymine glycol 5-hydroxycytosine  5-hydroxyuracil

Figure 1. 9. Most common DNA oxidative lesions.

Other types of damage are the DNA adducts obtained from
reaction with oxidative agents or other reactive molecules. These
adducts are the result of a covalent link between the nucleobase and
some endogenous molecules, for example subproducts arising from
lipid peroxidation. But, they can also arise from reaction with
exogenous species like benzo(a)pyrene found in cigarette smoke.
The modification takes place at the nucleophilic sites of bases (see
Figure 1. 8), as well as at C8 of purines and also at the endocyclic or
exocyclic nitrogen and oxygen atoms of nucleotides.”

The type of DNA adducts varies depending not only on the
structure of the reactive species or the nature of the electrophile,
but also on the interaction of the reactive agent with DNA. In this
context, intercalation can provide a particular orientation between
the electrophile and the nucleobases, favoring the reaction at
concrete nucleophilic sites. Therefore, molecules that exhibit a high
sequence specificity result in a high yield of a determined adduct
formation. The adducts can correspond to the covalent union of the
electrophile and the base, namely bulky adducts, or in a simple
addition of a group like in the case of methylation.”!

This thesis is centered on one of the most common family of
DNA adduct, the etheno adducts.
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1.2.1.1. Etheno adducts

Among exocyclic DNA adducts, etheno adduct (g-adduct)
family has attracted a lot of attention because of its mutagenic
properties.” Their origin was firstly attributed to the reactivity of
metabolically formed aldehydes from human carcinogens such as
vinyl chloride. ® However, their presence as background DNA
lesions in rodent or human tissues *** suggests that these adducts
are also the result of an endogenous reaction. On this basis, the role
of lipid peroxidation (LPO) active products has also been
demonstrated. This biochemical process is constantly occurring in
our body, and it is related with inflaimmation oxidative stress
mechanism. The ROS generated during this process can degrade the
membrane polyunsaturated fatty acids by LPO causing reactive
aldehydes species ie. malondialdehyde or trans-4-hydroxy-2-
nonenal (4-NHE). These can directly, or after metabolization to 4-
hydroperoxy-2-nonal, react with the nucleobase yielding an extra
imidazole ring. This etheno bridge is formed between the exocyclic

amine of cytosine, guanine or adenine and the amine at N3 or N1
of the base skeleton. ***’

There are four possible g-adducts: 1,N6-etheno-2’-
deoxyadenosine (edA), 3,N4-etheno-2’-deoxycytidine (edC), N2,3-
etheno-2’-deoxyguanosine  (N2,3-edG) and 1,N2-etheno-2’-
deoxyguanosine (edG) (Figure 1. 10).

Is &R &R H R \=/

edA &dC 1,N2-¢dG N2,3-edG
(edG)

Figure 1. 10. Etheno DNA adducts structures.

The four etheno adducts have been reported in both rodents
and humans, especially in chronically inflamed human tissues,
making their quantification useful as potential biomarkers for
cancer of colon, prostate, lung, etc. *7' The high carcinogenic

16



|
- 6 Chapter 1

potential of etheno adducts has been underlined. In particular for

edA, that incorporated into plasmid DNA, was found to be more
mutagenic than the 8-oxo-deoxyguanosine (8-oxodG) lesion in
HelLa cells. ** Several studies also revealed &-adducts mutagenetic
potential in mammals cells. *** edA may cause AT-TA and AT-CG
transversions and AT-GC transition, whereas €dC leads to CG-AT
transversions and CG-TA transition, and the etheno adducts
derived from guanine (N2,3-edG and &€dG) can induce GC-AT
transition. ***° These modifications have been associated with the
interference of the etheno ring in the formation of Watson—Crick
hydrogen bonding. *** It is noteworthy that their mutagenicity has
been established by 7 vitro experiments. For example, 4-HNE was
shown to induce to a high frequency of G to T transversions at the
third base of codon 249 (-AGG*-) in the p53 gene, which represents
a mutational hotspot in human cancers.”

1.2.2. DNA lesions induced by light
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Figure 1. 11. Representation of different regions of the solar spectrum and their
ability to penetrate the skin.

The World Health Organization (WHO) considered ultraviolet
light like a carcinogenic and mutagenic component of sun. ** This is
due not only to the direct absorption of UVB by the nucleic acids
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but also to UVA absorption by endogenous or exogenous
compounds that can act indirectly by photosensitizing DNA
damages. Both direct or indirect processes can modify the nucleic
acid structure and give rise to mutations that can ultimately derive
in cancer appearance. ¥

Therefore, it is of great interest to identify the different
mutagenic DNA photoproducts and establish the molecular
processes responsible for their formation in order to develop new
strategies to prevent cancer. In this scenario, two types of DNA
damages must be distinguished: direct and photosensitized damages
(Figure 1. 12).

(VA'A) UVA
Direct DNA damage Photosensitized DNA damage

L Epidermis

8 = Demis

4 Subcutaneous

7 tissue

Figure 1. 12. DNA lesions classified as a result of direct UVB absorption (left)
and/ot photosensitization (tight).

1.2.2.1.  Direct DNA light absorption

DNA nucleotides have an absorption band with a maximum in
the UVC at cz. 260-270 nm that reaches the UVB region. In DNA
oligomers, a weak absorption tail has been reported in the UVA.
Therefore, and since the UVC radiation does not reach the Earth
surface, this section reports the DNA damages caused by UVB and
UVA radiation.
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The study of DNA photolability has been a matter of interest
over the years. In the early 60s radioactivity-based assays
demonstrated the presence of bipyrimidine photoproducts formed
between neighboring bases of the same DNA strand: the so-called
cyclobutane pyrimidine dimers (CPDs). A decade later, advances in
technology  allowed, through —mass spectrometry and
electrophoresis-based assays, the discovery that CPDs were not the
only dipyrimidine lesions formed by UV radiation and identified the
(6-4) photoproducts (6-4PPs) and their Dewar valence isomers
(DewatrPPs) (Figure 1.13). **

The CPDs are formed through a [2+2] photocycloaddition
between the C5-C6 double bond of two neighboring pyrimidine
bases. Their formation is favored in the UVB range since it is the
most energetic UV range reaching the skin and the closest to the
DNA absorption maximum. In addition, direct CPD formation has
also been observed in human keratinocytes”,* and melanocytes *
under UVA radiation with a quantum yield 10’ - 10* times lower
than under UVB. In this photoreaction different types of
diastereoisomers can be formed depending on: cis or trans location
of the pyrimidine moieties by respect to the cyclobutane ring and
syn or anti depending on their respective orientation. Nonetheless, in
DNA only the cis,syn isomer can be found due to steric constrains.
46 A secondary reaction takes place in CPDs, it corresponds to
deamination of the reduced cytosine moiety, which leads to the
formation of uracil. ¥/

The 6-4PPs are formed through a Paterno-Biichi
photoreaction. This reaction starts with a [2+2] cycloaddition
between the C5-C6 double bond of the 5’-pyrimidine and the C4
carbonyl group or imine group of a 3’-thymine or cytosine, which
leads to an unstable oxetane or azetidine intermediate, respectively.
Then, the opening of the heterocycle ends in a covalent bond
formation between C6 of the 5'-base and C4 of the 3'-base. Once
formed, 6-4PPs can absorb a second photon and undergo an
intramolecular electrocyclization of their pyrimidone ring turning
into their Dewar valence isomer. *** This reaction has been well
documented in model systems but has been observed in very low
yields in cells exposed only to UVB. Interestingly, these lesions
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exhibit absorption maximum at 325 nm for TT and CT 6-4PPs and
at 315 nm for TC and CC 6-4PPs and a residual absorption in the
UVA. Indeed, UVB is filtered within the cell due to absorption of
biomolecules and endogenous compounds, and which explains the

higher yields of photoisomerization when both UVB and UVA
photons are used. *
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Figure 1. 13. Mechanism of CPDs and 6-4PPs formation for (a) TT and (b) TC
sequences.

CPDs are the lesions produced by direct light absorption with
the highest frequency rate, whereas 6-4PPs have a formation rate
constant three to five times lower. >’ Their formation is sequence-
dependent, being TT > TC > CT > CC with a ratio of 10:5:3:1,
respectively, as determined in human skin upon UVB irradiation .
51,5253
Formation of the dipyrimidine damages can lead to mutation. In
this context, CPDs (T'T) are less mutagenic than 6-4PPs (T'T), even
though their formation frequency is higher. This latter is more
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mutagenic than its equivalent (TC). ** The high mutagenicity of
CPDs (TC) is due to the deamination process forming CPDs (TU),
which during the replication process leads to C T transitions.

Besides bipyrimidine photoproducts, formation of 8-
oxoguanine (8-oxoG) has also been reported for cellular DNA
exposed to UVA or UVB light. *>" In this case, the proposed
mechanism suggests the involvement of the guanine radical cation
originated through photoionization, since the ionization potential
of this nucleobase is the lowest among the DNA bases. However,
8-0x0G represents a minor photoproduct as its yield is two orders
of magnitude lower than that of CPDs. * 8-0x0G lesions also
exhibit mutagenic properties and are at the origin of G 2> T
transversions.”®

Interestingly, light not only causes DNA lesions as
abovementioned, but it also affects repair processes. Exposure of
human keratinocytes and melanocytes to UVB and UVA radiation
reduces the rate of elimination of CPDs by polymerase. ***

1.2.2.2.  Indirect DNA light absorption

UVA is the most extended region of the ultraviolet reaching
the Earth surface. Fortunately, DNA barely absorbs in this region,
but it is not innocuous as lesions can be formed by another pathway
called photosensitization. In this case, an endogenous or exogenous
photosensitizer absorbs light and induces energy transfer (ET),
usually TTET, or photoredox processes.

Table 1. 1. Triplet excited state energy of monophosphate nucleobases
determined by laser flash photolysis. 40

Er (k] mol™)
TMP 310
AMP 314
GMP 317
UMP 320
CMP 321
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To photosensitize the DNA bases through an ET mechanism
the Phs has to fulfill some requirements: (i) it has to absorb light in
the UVA or Vis region, at a wavelength higher than 300 nm, to be
selectively excited, (ii) its triplet excited state ("Phs) must have an
energy (Er) higher than that of the nucleobase triplet (generally that
of thymine, see below), and it must be efficiently populated (ie. a
high ISC quantum yield, @), (iii) it should have a long triplet
lifetime (Tr) which enables it to interact with other species, (iv) and
finally, the Phs has to be chemically inert under the reaction
conditions to avoid its consumption and formation of undesired
products. However, this last requirement is not exclusive.

It is well established that triplet-triplet energy transfer takes
place through a Dexter-type mechanism, in which the distance
between the Phs and the energy acceptor is of maximum 10A.
However, a recent work, where the Phs was covalently inserted
within an oligonucleotide, has reported that the energy can be
transferred at longer distances of e 37 A, © suggesting a triplet
energy migration along the DNA structure. * In this context, it has
been proposed since the 60s that energy transfer in DNA takes
place from higher to lower lying nucleobase triplet states, and that,
excitation tends finally to be localized on thymine residues, which is
the nucleotide with the lowest E (Table 1. 1). ¥

The damage caused by TTET corresponds exclusively to
CPDs. * Their formation yield depends on the photophysical
properties of the photosensitizer and the nucleobase involved. In
this case, CPDs (I'T) represent the most abundant combination
whereas CPDs (CC), (TC), and (CT) are more unlikely. “>**

A large number of endogenous and exogenous
photosensitizers have been reported. Exogenous Phs gathered
nonsteroidal anti-inflammatory drugs such as the benzophenone
derivative ketoprofen,” solar filters or some antibiotics from the
fluoroquinolones  family.” As endogenous photosensitizers
pterins,” porphyrins, flavins or melanin have been reported in the

literature. *88
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In this context, our group has discovered a new class of
endogenous Phs.” Indeed, UVA/UVB absortbing DNA
photolesions can act as intrinsic photosensitizers and induce
formation of CPDs, ROS or oxidatively generated damages, which
finally ends in the generation of multiple lesions, known as cluster
lesions. The 6-4PPs through the 5-methyl-2-pyrimidone
chromophore, and some oxidatively generated lesions like 5-
formyluracil and 5-formylcytosine can act as Trojan horses and
generate CPDs under exposure to light. 7

Not all the Phs mentioned above act through a TTET, they can
also be part of Type I or Type II processes and oxidize the DNA.
A common DNA photosensitization pathway involves one-electron
oxidation which is considered as a Type I mechanism as described
before in this chapter (section 1.1.1.2.2). In addition to the
abovementioned requirements for a photosensitizer, in this case,
one of the main properties which drives the efficiency of the process
is the reduction potential of the photosensitizer in its excited state.
The main target of Type I oxidation is guanine because it exhibits
the lowest ionization potential among all the DNA bases.”
However, other oxidation photoproducts from the rest of the
nucleobases have been reported in lower yields. ™

Thus, the most frequent oxidatively generated DNA damage
comes from guanine and is formed by several processes. One of
them is the electron transfer mechanism, which leads to the loss of
one electron by guanine and the consequent formation of its radical
cation (G™) that evolves into several products. Normally, it
undergoes a hydration leading to the 8-hydroxy-7,8-dihydroguanyl
radical, which in turn yields 8-oxoG or 2,6-diamino-4-hydroxy-5-
formamidopyrimidine (FapyG) by a competitive one-electron
oxidation of reduction process, respectively.” Additionally, G™ can
suffer a hydrogen abstraction at Cl of the sugar giving rise to
formation of an abasic site.

Type I photoreaction also involves the formation of hydroxyl
radicals (OH), which are highly reactive and do not display any
specific DNA target. Their reaction with purine bases gives rise to
8-0x0G, FapyG, 8-oxo0-7,8-dihydroadenine (8-oxoA) and 4,6-
diamino-5-formamidopyrimidine (FapyA), the last two are generally
obtained in lower yields. It has also been reported that "OH
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mediates the formation of products derived from oxidation of
thymine methyl group like 5-hydroxymethyluracil (HmU) and 5-
formyluracil (ForU).”” Besides, "OH interacts with the 2-
deoxyribose moieties through a hydrogen abstraction provoking
DNA strand break. 7/

It is important to highlight that ‘OH is not directly formed after
light irradiation, and generally results from O," production. The
photosensitizer radical anion (Phs™), produced from a Type I
process, interacts with molecular oxygen (O,) releasing superoxide
anion (O,"). This radical anion can also arise from mitochondria as
the consequence of UVA irradiation. Next, superoxide dismutase
(SOD) catalyzes its dismutation into O, and hydrogen peroxide
(H,O,). This latter is reduced in the presence of Cu’ or Fe** (ie.
Fenton reaction) to form ‘OH. ”

A second DNA photooxidation mechanism is the Type II,
which involves the formation of singlet oxygen ('O,). This species
shows a strong reaction affinity with molecules rich in double bonds
and can easily oxidize biomolecules such as fatty acids, proteins and
DNA leading to endoperoxides and dioxetanes as products of this
oxidation. ”* In DNA, guanine is the only target of 'O,. The reaction
involves a Diels Alder [4+2] photocycloaddition that forms a 4,8-
endoperoxide, which is reduced to 8-0x0G. ”

1.3. DNA REPAIR PROCESSES

As described before, DNA damages are occurring in humans
with non-negligible yields, being their frequency rates around 10* -
10° per cell per day per type of damage. As a consequence, they
represent a threat to genome integrity. However, to maintain the
genome, humans have their own repair mechanisms based on DNA
repair enzymes that efficiently repair around 10" - 10" per cell per
day.

When a cell is damaged, its cycle slows down, which can be
beneficious in terms of repair, since it provides more time to the
DNA repair machinery before replication and cell division.
However, if a large number of lesions are present or some specific
errors occur during repair process, the cell can undergo apoptosis
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(ie. programmed cell death). * If any of these protection measures
fails, the lesion remains in the DNA sequence and may cause
mutations during the replication process, which may finally result in
the appearance of cancer.

1.3.1. DARK DNA REPAIR MECHANISMS
1.3.1.1. Common DNA repair mechanisms

The most common repair mechanism in mammals is excision
repair. It includes three different types of systems: Base Excision
Repair (BER), Nucleotide Excision Repair (NER) and Base
Mismatch Repair (MMR).

BER acts on small DNA modifications that arise from
alkylation, deamination or oxidation. * This mechanism involves a
set of enzymes. First,a DNA glycosylase cleaves the glycosidic bond
of the modified base to generate an abasic site. This enzyme is base-
specific and has several types depending on the lesion it recognizes.
For example, Uracil DNA glycosylase (UDG) is involved in the
replacement of wuracil by thymine, 3-methyladenine-DNA
glycosylase recognizes alkylated lesions like 3-methyladenine or
guanosine, whereas OGG1 DNA glycosylase cleaves specifically
one of the major mutagenic lesions, 8-0xoG.

Secondly, an incision of the phosphate backbone is produced
by an AP endonuclease removing specific modified nucleobases and
leaving a gap with a 3"-end -OH and a 5-end ribosyl-phosphate.
Then, the resulting abasic site is filled by a polymerase with a short-
patch (just one nucleotide is replaced) or a long-patch (where 2-10
nucleotides are newly synthesized by the DNA polymerase) and
finally, ligase seals this new patch. The repair process takes place in
a short period of time, for example, BER repairs 8-oxoG lesions
within few hours after its formation. *

Concerning NER mechanism, it mainly repairs bulky lesions
including adducts, intrastrand crosslinks and those formed by direct
UV light absorption such as CPDs and 6-4PPs. The procedure for
NER is similar to BER, it works through a cut-and-patch
mechanism but the main difference is that NER removes chains
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between 24 and 32 nucleotides long. Moreover, NER has two
signaling pathways: one the Global Genomic Repair (GGR) and the
Transcription-Coupled Repair (T'CR). Both ways employ several
signaling proteins that detect the lesions; * however, TCR is
restrained to lesions in the transcribed strand of active genes
whereas GGR acts on the whole gene.

As for BER, in NER after the first excision step performed by
TCR or GGR, the resulting gap is filled by DNA polymerases and
fixed by the DNA ligase.

The last excision repair mechanism is the DNA Mismatch
Repair (MMR), this mechanism is mainly centered on the repair of
mismatch lesions arising from erroneous polymerase activity after
the replication process. Its main targets in mammalians cells are
G->T, A>C, G>G, and C>C and also some mismatches originating
from oxidatively generated lesions like O°methylguanine with
thymine or cytosine. * In the first step of the repair process,
recognition and cleavage are performed by heterodimeric
complexes called MutSe or MutS@, which are formed by the
proteins MSH2 and MSHG6 for MutSa and MSH2 and MSH3 for
MutSB. * After, ATP hydrolysis forms a loop in the structure
followed by its degradation and elongation due to the 5’-3
exonuclease and helicase enzymes. Finally, the gap is filled by DNA

polymerase 0 and sealed by the DNA ligase. MMR is associated with
gastrointestinal and endometrial cancer. *

Although, most DNA damages are repaired by excision
mechanisms followed by insertion of the right base, some lesions
can be restored iz sitn by specific proteins through the so-called
direct repair (Figure 1.14). In this context, dealkylation of
nucleobases takes place through methyltransferase enzymes, such
as the O°-methylguanine-DNA methyltransferase (MGMT) that
acts by transferring the methyl group anchored in O°-alkyl guanines
to its cysteine residue. * Double-stranded DNA breaks (DSB), are
mainly repaired through the non-homologous DNA end joining
(NHE]) pathway. In this mechanism, a circular protein with a
heterodimeric complex called Ku70/Ku80 recognizes the DSB and
binds the broken ends using the DNA-Protein Kinase catalytic
subunit PKcs, which acts as a bridge to bring the two ends of the
phosphate backbone together. Finally, a DNA ligase joins them. ¥
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Figure 1. 14. Dark repair processes.

1.3.1.2. Direct repair mechanism: AlkB protein

DNA-glycosylase was firstly proposed as the principal enzyme
for the repair since zz vitro studies in human cells reported its activity

towards edA and &dG. * However, over time it has been

demonstrated that repair of €-adducts is not governed only by BER
process, but that they are also vulnerable to direct repair. ' Indeed,
direct repair is the main mechanism in bacteria through the action
of the AIkB protein. This protein is a a-ketoglutarate dioxygenase
belonging to the family of the non-heme iron-dependent
oxygenases, it catalyzes the incorporation of molecular oxygen into
biological substrates.

In crystallographic studies of AlkB-double stranded DNA
complexes under aerobic conditions and in presence of a €A
containing sequences have captured the formation of an gA-glycol
intermediate (Figure 1. 15) **” This observation points towards an
epoxidation step followed by ring opening after water attack and
subsequent protonation finally leading to the original adenine
nucleobase. The repair process involves the coordination of 2-
oxoglutarate («KG) and molecular oxygen with Fe*" bound to the
enzyme. One oxygen would be subsequently added to the target and
the second oxygen atom is transferred to 2-oxoglutarate producing
carbon dioxide and succinate.
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Figure 1. 15. Repair process of edA through AlkB protein.

Despite AlkB presents an interaction for all the etheno adducts,

this enzyme is found only in bacteria and its role in €G repair is still
under discussion. Interestingly, in mammals, its counterpart
enzymes, which are part of the AIkBH family, present a poor etheno
adducts repair effectiveness. Only AlkBH2 has been reported to

repair €A and €G in dsDNA, whereas AIkBH3 is the only active

enzyme for eC ™%

In this thesis, the photolability of etheno adducts is addressed.
Their ability to suffer photooxidation will be assessed in order to
mimic the repair process of AlkB protein and investigate a new
strategy based on a light-triggered recovering of the original base.

1.3.2. LIGHT-DEPENDENT DNA REPAIR
MECHANISMS

Photoreactivation was discovered by Kelner in the mid-20™
century. He observed how the lethal effect of UV radiation on
Streptomyces grisens was reversed when, following the harmful UV
radiation, the irradiated bacterial culture was exposed to visible light.
% Resutrection of these UV light-killed cells by light is due to the
action of enzymes named photolyases. These peculiar enzymes are
flavoproteins, which are able to repair 7 situ the two main UV-
derived lesions, ie. the bipyrimidine dimers, using blue light as a co-
substrate. Mechanistically, there are two main types of photolyases
depending on the type of lesion they repair: enzymes that repair
CPDs are referred to as CPD photolyase, while enzymes that repair
(6-4) photoproducts are called (6-4) photolyase. "
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These proteins are present in several organisms. For instance,
CPD photolyase has been found in bacteria, viruses, fungi and some
invertebrates and even in certain placental mammals. For (6-4)
photolyase, it has been detected in some insects and animals like
silkworm, frogs (Xenopus ILaevis) and rattlesnakes. However,
photolyase is lacking in humans although some flavoprotein
homologs called cryptochromes are involved in light-regulated
functions, but they do not repair DNA lesions. *

The CPD and (6-4) photolyases are 55 kDa enzymes that share
the same cofactors at their active site. A first cofactor is a flavin
adenine dinucleotide (FAD) which is responsible for the repair
process, whereas the second cofactor is 8-hydroxy-5-deazaflavin (8-
HDF, Figure 1. 16) or 5,10-methenyltetrahydrofolate (MTHE,
Figure 1. 16) those chromophores act as a light-harvesting antenna
and trigger the photorepair process.

a)

Figure 1. 16. a) Crystal structure of the CPD photolyase. b) Structure of the
different cofactors.

FAD can be present in three different redox states
corresponding to fully oxidized (FAD,,), semi-reduced (FADH®)
and fully reduced (FADH", Figure 1. 16). But only the FADH" is
the catalytically active form responsible for the bipyrimidine repair.
1011 The other two cofactors (FADox and FADH®) can be
converted to the active FADH™ by means of a photoinduced process
called photoactivation that typically involves an intraprotein
electron transfer through a chain of three tryptophans. "'
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1.3.2.1. CPD Photolyase mechanism

Repair mechanism by CPD photolyase (Figure 1. 17a) is well
established. ' The enzyme recognizes the CPD lesion and flips it
out of the double helix towards its active center. Photoexcitation of
FADH: is achieved after photon absorption by 8-HDF or MTHF,
that has a wider absorption in the visible range than FADH; it is
followed by energy transfer to the FADH™ cofactor. Then, an
electron transfer occurs from the excited 'FADH™ to the CPD
inducing the formation of the semi-reduced FADH® and of the
CPD radical anion, which rapidly suffers the splitting of C5-C6
bond leading to one intact base and the radical anion of the other
one. The latter transfers back its extra electron to the flavin closing

the catalytic cycle restoring FADH"™ and giving rise to the repaired

lesion. The process takes around 50 ps ' and the enzyme is

regenerated and ready to bind another CPD. This repair process has
a high quantum yield of e 0.7-0.9 ” in contrast with (6-4)
photolyase which is much lower . 0.1. '**

1.3.2.2. (6-4) Photolyase mechanism

The mechanism behind (6-4) photolyase repair is still under
study. Indeed, the molecular process responsible for restoring the
original nucleobases is not as direct as in the case of CPD, because
it requires an NH, or OH group transfer from 5’ to the 3’
nucleobase. Several mechanisms have been proposed along the
years. The first theory suggested thermal formation of an oxetane
intermediate. 7 However, in 2008 a crystal structure of a Drosophila
Melanogaster (6-4) photolyase bound to a 6-4PP (T-T) lesion was
solved. ' Unexpectedly, the formation of the oxetane in a dark step
was not observed, and, irradiation of the crystal showed repair of
the (6-4) lesion without large changes of the structure pointing
toward a direct electron transfer to one of the 6-4PP moieties as
possible repair mechanism. In 2010, ultrafast fluorescence and
transient absorption spectroscopy studies on a (6-4) photolyase
from an Arabidopsis Thaliana support this proposal. ' The
photorepair cycle (Figure 1. 17b) begins with an electron transfer
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from the '"FADH", which has been excited by the antenna cofactor
8-HDF or MTHF, to the 6-4PP in 225 ps. This first stage is identical
to the one described for the CPD photolyase. Then, a proton
transfer from a protonated histidine moiety (His365) occurs in 425
ps and leads, after oxygen-atom at C4 attacks the 3’ base, to the
transient zwitterion (III, in Figure 1. 17b), which has an oxetane-
like structure. This finally rearranges to the repaired pyrimidine
bases returning an electron to the FADH?®, which closes the catalytic
cycle and allows starting the process with a new 6-4PP lesion. '
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Figure 1. 17. Proposed photolyase mechanism a) CPD photolyase and b) 6-4
photolyase.

The low quantum yield of the process (e 0.1) has been
interpreted as the result of competition between the fast back
electron transfer (50 ps) of radical anion (II, in Figure 1. 17b),
leading to the original 6-4PP, and protonation of II in 425 ps, as a
step of the productive repair process. Indeed, in CPD photolyases
back electron transfer is much slower (2.4 ns, Figure 1. 17a), which
could explain the higher quantum yield of repair of these enzymes
compared to (6-4) photolyases.

Computational  studies  foreshadow  several possible
mechanisms, one of them involves a two photon absorption. '
Experimental results have supported this proposal. An approach,
using non-saturating 100-ps laser flashes, has been designed to
distinguish between a one- and a two photon repair process. It has
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been observed that the first flash depleted the 6-4PP without
leading to substantial repair, but, subsequent flashes resulted in the
base recovery. It has been proposed that the first flash leads to the
formation of an unstable intermediate with a lifetime of 100 s at
10°C, which might correspond to an oxetane as it thermally reverts
to the lesion or under another photon absorption yields to the
restored bases. "%
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This Doctoral thesis is framed within the fields of
photochemistry and photobiology. It focuses on the photobehavior
and photorepair of etheno adducts. As mentioned in the
introduction, these oxidatively generated DNA damages, are
ubiquitous in our organism as a consequence of the interaction of
DNA with subproducts of lipid peroxidation. On the one hand,
these lesions exhibit an extended conjugation in respect with their
canonical bases, which should modify their photochemical behavior
and represent a threat for genome integrity. On the other hand, they
display significant mutagenic properties, generating base transitions
or transversions in mammal cells. Consequently, the development
of new strategies for their repair is of great interest. In this context,
the two main objectives of this Thesis are () to determine the
photophysical properties of the etheno adducts and their role as
potential intrinsic photosensitizers, and (ii) to design new strategies
for their repair.

To achieve these goals, specific objectives have to be addressed
during this Doctoral Thesis. They have been tackled over the three
chapters:

1) To geta better understanding on the etheno adducts optical
properties through the detailed study of €dC excited state
relaxation processes using spectroscopic studies at
femtosecond timescale combined with quantum chemistry
calculations.

2) To establish the reactivity of etheno adducts toward singlet
oxygen and one-electron photooxidants and investigate the
role of these processes as photorepair pathways for the
etheno lesions.

3) To synthesize a system based on plasmon-enhanced triplet
excited state production wusing new hybrid metal
nanoparticles decorated with Rose Bengal and investigate
their application for the photorepair of etheno adducts.
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3.1. INTRODUCTION

Over the years, stability of DNA upon UV irradiation and its
connection with genetic preservation have been widely studied
leading to the conclusion that the natural selection of the
nucleobases is related to their high resistance to photochemical
damage. '~ Indeed, both experimental and theoretical studies have
demonstrated how the nucleobases efficiently dissipate the
absorbed UV-radiation through ultrafast internal conversion
channels, in this way reducing the photoreactions at the origin of
lesion formation. '~

However, small changes in the base structure can drastically
modify its photochemical properties through the lengthening of its
excited state lifetime and/or the increase of intersystem crossing
efficiency, opening the door to a higher photoreactivity. In this
respect, 5-methylcytosine, (6-4) photoproducts, 5-formylpyrimidine
and thiobases are some of the DNA modifications that illustrate
how minor changes interfere in the photophysical properties of the
nucleobase and induce an increase of DNA photodamages
becoming intrinsic DNA photosensitizers. “**

In this context, etheno adducts are interesting candidates to
evaluate the relationship between a modification of the structure
and changes of the photochemical properties. A remarkable feature
of some etheno derivatives is their inherent fluorescence emission.
This way, the etheno-derived 2’-deoxyadenosine (edA) has been
used as a tool for monitoring enzymatic processes, or investigating
changes in nucleic acid structure, such as nucleotide flipping, DNA
binding, etc. '

Since the first time €dA was isolated by Leonard et al " its
spectroscopic properties revealed that €dA presented a more
extended T-conjugation, resulting in a red shift of its absorption
spectrum and in a broad emission band in the UV-Vis compared
with adenosine.

Therefore, etheno adducts attracted the attention of the
scientific community and their properties began to be studied. In
this context another etheno adduct started to show a particular
interest due to its high mutation frequency, 81% in a single-stranded
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vector replicated in mammals kidney cells, *’ namely the 3,N4-
etheno-2’-deoxycytidine (edC, Figure 3.1.).

In the case of €dC, fluorescence has only been observed in its
protonated form with a very low quantum yield (¢y< 0.01) and a
short lifetime of ca 30 ps, evaluated by means of an indirect
method.” From the computational side, a few, scattered studies are
available in the literature, focused mainly on the absorption and
emission energies of €C and €CH'**” So up to now the
photophysical and theoretical studies reported for edC are
fragmentary leaving a lack in the understanding of its photolability
since its presence in the DNA sequence can modify its inherent
photorelaxation pathway. Thus, a complete picture of the ultrafast
processes responsible for its deactivation is essential to evaluate its
potential to delay the efficient DNA photodeactivation. This
chapter is a full photochemical study of €dC not only from an
experimental point of view but also on the theoretical calculations
that help us to understand its photo-activated dynamics.

H,
Do "
EkN (\N dR= o
rx‘l/&o N/go L\(
iR 4R OH

edC edC(H*)

Figure 3.1. Structure of the studied etheno adduct in its neutral (¢dC) and
acid form (edC(HY)).

3.2. RESULTS AND DISCUSSION

3.2.1. Experimental studies
3.2.1.1. Steady-state absorption and emission spectra

As a first step, absorption and fluorescence emission spectra
were carried out in different aqueous buffer solutions, at neutral and
acidic pH. In phosphate buffer saline solution (PBS, at pH 7.4), edC
exhibits an absorption band with a maximum at 273 nm that reaches
the UVB region (Figure 3.2. and Table 3.1) with a shoulder at ca.
291 nm. Interestingly, the presence of the extra-ring does not induce
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an important change as €dC absorption is only slightly red-shifted
compared to the canonical 2"-deoxycytidine.”
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Figure 3.2. Absorption (solid line) and fluorescence emission (dash line)

spectra of €dC in PBS 0.1M pH 7.4 (black color) and citric acid buffer at pH 3
(blue color), fluorescence steady-state spectra were obtained upon excitation at
267 nm.

Steady-state fluorescence was measured at room temperature
under excitation at A= 267 nm. The emission spectrum exhibits a
very broad signal that extends over from 290 to 400 nm with a

maximum peaking in the UVA at A, of ca. 325 nm (Figure 3.2.).
No dependence on the excitation wavelength was found between
266 to 290 nm (Figure 3.3). A fluorescence quantum yield (¢, Table
3.1) of ca 1.8 x 10* was determined using thymidine
monophosphate as reference (¢r=1.5-10" and an A= 255 nm.*

1,01 —— &= 266 nm
—— %, =273nm
c
2 081 — k= 280 NM
£ —— %= 2900
w
L 06
Q
N
£ 044
S
2
0,21
0,0

- T T T T T
280 300 320 340 360 380 400
Wavelength (nm)

Figure 3.3. Steady-state fluorescence spectra of €dC in PBS 0.1M pH 7.4
obtained at different excitation wavelengths.
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Table 3.1. Optical properties of €dC and dC in aqueous solution at pH 7.4
and 3, absorption maximum (Ama.) and its corresponding extinction coefficient
(Emax), steady-state emission fluorescence maximum (Aem) and fluorescence
quantum yield (¢r) determined at Aege= 267 nm.

ﬂmax ﬂem ¢F & (M lemr! )
edC 273 nm 325 nm 1.84-10+4 13200
(PH7.4) | (454cV)  (3.81eV)
edCH+ 284 nm 332 nm 2.76:103 7200
(pH3) | (436¢eV) (3.7eV)
dCs 271 nm 323 nm 0.6-10 9300

4 in water, data from ref 7

The effect of protonation on the singlet excited state properties
was considered by performing the experiments at pH 3, using citric
acid buffer. Under these conditions the nitrogen N4 of the cytidine
etheno derivative is protonated (edCH', Figure 3.1). When

decreasing the pH, a bathochromic shift from A, = 273 nm to 284
nm was observed for the absorption band. This change was

accompanied by a decrease of the molar absorption coefficient €,
(Figure 3.2 and Table 3.1). A shoulder in the UVB region is also
present at ca. 303 nm. Likewise, steady-state fluorescence spectrum
suffers a red-shift with an emission band centred at 332 nm (Figure
3.2). And the fluorescence quantum yield increased by one order of
magnitude, being ¢ of ca. 2.7 X107 (Table 3.1), when compared to
€dC’s quantum yield.

By contrast, only small changes have been detected in the
emission spectra recorded in solvents of different polarity, with only
a few nanometers blue shift observed when moving from PBS to
diethyl ether (Table 3.2., Figure 3.4). The fluorescence quantum
yields remain in the order of 10 varying from 1.8 X10* in PBS to
2.9 X10* in acetonitrile (Table 3.2).

56



I
C 6 Chapter 3

Normalized Emission

, T T T T T
280 300 320 340 360 380 400
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Figure 3.4. Fluorescence emission spectra obtained upon excitation of €dC at
266 nm in different solvents: acetonitrile (black), methanol (red), diethyl ether
(blue) and PBS (fuchsia).

Table 3.2. edC spectroscopic properties depending on the polarity of solvents,
determined upon excitation at 266 nm. The reference compound, TMP, was
excited at 255 nm.

polatity 1, (nm) Aem (nm) Pr

PBS | 10.2 273 325 1.810
MeCN | 5.8 273 322 2.9-10+4
MeOH | 5.1 273 320 2.0-10+

Et,O |28 273 318 2.1-10+

3.2.1.2. Time resolved upconversion fluorescence
experiments

In view of the very low fluorescence quantum yields, the
excited state lifetimes are expected to be very short. Therefore,
femtosecond fluorescence upconversion experiments were
performed in order to resolve the time-dependence of the emission.

The excitation wavelength used ie. 267 nm leads to a
population of both S; (mr*1) and S, (mm*2), with consequences
discussed below.
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Normalized fluorescence intensity
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Figure 3.5. Total fluorescence decays obtained from a solution of €dC in

PBS pH 7.4 at different emission wavelengths after excitation at Aexe= 267 nm.

For the edC solution at neutral pH, the decays were recorded
from 310 to 420 nm. As shown in Figure 3.5. only small variations
were observed for different emission wavelengths. These decays
cannot be described in a satisfactory way by a monoexponential
function; by contrast biexponential function reproduces the data
more adequately (Table 3.3 and 3.4). Thus, decays were analyzed
following a nonlinear fitting/deconvolution procedure using the

biexponential function: f{7) = a; exp(-t/Ty) + a, exp(-t/T,) with a,=

1—2.1.

Table 3.3. Fitted parameters for the decays of €dC in PBS.

310 nm 320 nm 340 nm 360 nm
a 0.585 + 0.017 0.592+0.010 0.568 £0.031 0.658 £ 0.017
T1(ps) | 0.260 £0.032  0.395%0.0198  0.479 £ 0.044  0.547 £ 0.021
P 0.178 £ 0.021  0.237 £ 0.012  0.260 £ 0.032  0.341 £ 0.020
a 0.415 %+ 0.017 0.408 £ 0.010 0.431 £0.031 0.342 £ 0.017
T2 (ps) | 1.686+0.051 1.849%0.037 1.796£0.084 2.029 £ 0.062
p 0.822 £ 0.021  0.763 £ 0.012  0.740 £ 0.032  0.659 £ 0.020
E;; 0.852 £ 0.037 0.988 + 0.024  1.048 £ 0.060 1.054 £ 0.036
) 0.296 = 0.005 0.285+ 0.002 0.273 £0.004 0.261 £ 0.002
TR 55 55 55 55
(ps)¢
« relative contributions p; and pz have been calculated as follows: pi1=

a1/ (a1T1ta212) and pr= aT2/ (a1T1+a212), * The average lifetime was calculated as
<T> = 41Ty + 27Ty, ‘ fixed value.
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The lifetime of the fast component increases monotonously by
a factor two with wavelength, from 0.26 ps at 310 nm to 0.54 ps at
420 nm. The amplitude (a;) of this component increases very slightly
with wavelength, from 0.59 at 310 nm to 0.62 at 420 nm. The
lifetime of the longer component also increases monotonously with
wavelength, from 1.68 ps at 310 nm to 2.38 ps at 420 nm, whereas
its amplitude (a,) decreases within the same range from 0.42 to 0.38
(Table 3.3.). The average lifetime <t> is practically constant, about
1 ps, between 320 and 380 nm.

The zero-time fluorescence anisotropy (r) is of ca. 0.28-0.29
(Table 3.3.) and does not show any significant dependence on the
registered emission. This value is, however, significantly lower than
the expected value of 0.4 for parallel absorption and emission
transition dipoles and may indicate an ultrafast change of the nature
of the excited state.

=2
)
c
g
£
3
c O,l
(O]
[5)
(7]
g
o
3
3 0,014 \ ‘
N
©
€ 380 nm
S —— 420 nm
b4
0 2 4 6

Delay time (ps)

Figure 3.6. Fluorescence decays obtained from a solution of édC in PBS
pH 7.4 at different emission wavelengths after excitation at Aexe= 267 nm.

Focusing on longer wavelengths the two traces at A=380 and
420 nm (Figure 3.6.) were fitted with a bi-exponential function,
keeping the longer time fixed to 55 ps (Table 3.4.). These
anisotropies decay rapidly during the first picosecond (Table 3.4.,
Try Of ca. 0.4 ps), which can indicate a further “slower” electronic
relaxation at longer wavelengths. Interestingly, the fluorescence
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decays of €dC in aqueous solution are longer than those of the

“canonical” nucleoside dC, for which a T; of ca. 0.22 and a 7, of ca.

0.96 ps (average lifetime <t> ~ 0.4 ps) were reported in the

literature.”

Table 3.4. Fitted parameters for the decays of édC in PBS. The average
lifetime was calculated as <t> = 271 + a»T2. The anisotropy decay time Tr2 was

fixed to 55 ps.

380 nm 420 nm

a 0.642 = 0.017 0.618 = 0.028

1 (ps) 0.512 = 0.023 0.537 = 0.046

pr? 0.313 = 0.020 0.268 = 0.031

a 0.358 = 0.017 0.382 + 0.028

T2 (ps) 2.011 = 0.061 2.378 = 0.130

p2 0.687 = 0.020 0.732 £0.031

<T>(ps) 1.049 + 0.036 1.240 = 0.077

1o 0.270 = 0.007 0.275 £ 0.014

a, 0.178 = 0.025 0.626 = 0.031

Tr,1 (PS) 0.437 £ 0.198 0.348 = 0.076
Tr2 (PS) 55 55

* relative contributions p1 and p2 have been calculated as follows: pi1=
a1T1/(a111+azrz) and p2= az’tz/(a1’t1+a2‘l?2)

Although the increase of the lifetime between the “canonical”
base and its etheno analogue is not so large, it might represent a
significant obstacle to the efficient DNA excited state decay
pathway. To some extent this could be connected to the “Trojan
horse” concept proposing that certain damages can act as intrinsic
DNA photoactive species.”**

Nonetheless, for damages such as (6-4) photoproducts or
formylpyrimidine derivatives, both experimental and theoretical
studies have highlighted the involvement of a triplet manifold with
a lifetime in the ps timescale. >'** In the €dC case, no triplet excited
state has been detected, which leaves the singlet excited state as the
only potential reactive state.
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In addition, time-resolved fluorescence spectra were recorded
with the upconversion set-up (Figure 3.7.). It shows how the intense
band centered at 330 nm decays rapidly on a time scale of few ps.
Furthermore, the obtained spectra fit well with the steady-state
spectrum described above, which means that the fluorescence
emission does not contain any important long-lived component
having different maximum and/or shape than that detected with the
upconversion setup.

300
310
320
330
340
350

Wavelength (nm)

360
370

380

05 00 05 10 15 20 25
Delay time (ps)

Figure 3.7. Corrected time-resolved fluorescence spectra of €dC in PBS at pH
7.4 after laser excitation at Aexe= 267 nm.

The time-resolved fluorescence spectra showed that the total
intensity decays rapidly with a time constant of about 1 ps (Figure
3.8. (A)), in accordance with the individual decays (average lifetime
<1>, Table 3.3.) reported above.

The fluorescence spectrum undergoes an ultrafast red shift
followed by a small amplitude and much slower blue shift stabilizing
at 30400 cm™' (Figure 3.8. (B)). The former might cotrespond to
water solvation dynamics occurting at sub-ps to ps timescale,”™”’
whereas the latter might be interpreted in terms of rearrangement
of the sugar conformation as previously proposed for guanosine
derivatives. *’

A ~ 10% decrease of the spectral width (Figure 3.8. (C))
occurring within 3 ps, may correspond to the common signature of
a vibrational cooling.” It is proposed that the strong hydrogen
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bonding of the nucleoside to water molecules allows an efficient
intermolecular vibrational energy transfer to the solvent.”

This conclusion was based on previous works suggesting a
solute and solvent-dependent of intermolecular energy transfer
(dissipation) from the electronically excited organic molecules to
their surroundings.”™' Later, the role of hydrogen bonding in
accelerating the cooling was definitively evidenced by studies
comparing the kinetics of azulene in different nonaqueous media
and in aqueous methanol.”>”
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Figure 3.8. Time evolution of (A) total intensity, (B) peak frequency and (C)
spectral width using log-normal functions.

Similar experiments were run using citric acid buffer at pH 3 to
get more information on the singlet excited state dynamics of the

protonated edCH™.
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Figure 3.9. Total fluorescence decays obtained for a solution of edCH™ in citric
acid: (A) emission wavelengths from 310 to 370 nm and (B) emission

wavelengths close to its emission maximum after excitation at Aee= 267 nm.

The decays were registered upon excitation at 267 nm, as in the
case of pH 7.4 for emission wavelengths from 310 to 370 nm
(Figures 3.9A).

Opverall, the decays are much slower at pH 3 than at pH 7.4.
The decays at the blue and red edges, ie. 310, 320 and 370 nm, are
faster than those registered next to the maximum of emission 340
and 360 nm, which are similar. However, in all cases, a biexponential
function is needed for an optimized fitting of the data and lifetimes
(Table 3.5.). Actually at 340 nm which is close to edCH" emission
maximum, the fast component (T; of ca. 0.123 +/- 0.074 ps) has a
very weak contribution (relative weight: p;= 0.00143 +/- 0.00141)

compatred to the longer lived one (1, of ca. 12.72 +/- 0.11 ps and
p>=0.99857 +/- 0.00141). Therefore, the decay can be considered

as nearly mono-exponential with a mean lifetime <t> of ca. 11.1
+/- 1.1 ps, which is in the same order of magnitude than that

extrapolated from eatlier fluorescence data (t of ca. 30 ps). *

The anisotropy decay is mono-exponential, with a zero-time
anisotropy (tg) of ca. 0.32 +/- 0.002 and a lifetime of T = 55 +/-5
ps. To understand the origin of the faster time-constant T, it will be
needed theoretical calculation support.
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Table 3.5. Fitted parameters for the decays of edCH* at pH 3.

320 nm 340 nm 360 nm
a 0.212 £ 0.012 0.128 £ 0.088 0.137 £ 0.011
T1 (ps) 0.672 £ 0.083 0.123 £ 0.074 1.68 £ 0.23
p1 0.014 £ 0.002 0.0014 = 0.0014 0.018 £ 0.003
az 0.788 £ 0.012 0.872 £ 0.088 0.863 £ 0.011
T2 (ps) 12.59 £ 0.26 12.72 £ 0.11 14.25 £- 0.35
P2 0.986 £ 0.002 0.999 £ 0.001 0.982 = 0003
<t> (ps) 10.06 £ 0.25 11.1 £11 12.54 + 0.33
1o 0.327 £ 0.004 0.320 £ 0.002 0.317 £ 0.003

TR (PS) 49 £ 7 55+%5 46 4

Finally, the time-resolved fluorescence spectra were recorded
after excitation at 267 nm (Figure 3.10.). The observed emission at

long times (> 20 ps) with a maximum A, of ca. 330 nm is in
concordance with the steady-state spectrum shown in Figure 3.3.
However, contrary to the case of pH 7, the intense band centered
at 330 nm decays more slowly on a time scale of >10 ps. For this
reason, the time-resolved spectra were recorded in two time-
windows, 3 and 30 ps, with adequately chosen time-steps.

(A)
300 ®

310
320
330
340

350

Wavelength (nm)
Wavelength (nm)

360

-05 00 05 10 15 20 25
Delay time (ps)

5 10

15 20 25
Delay time (ps)

Figure 3.10. Time-resolved fluorescence spectra of edCH™ in citrate
buffer at pH 3 over a time window of (A) 3 ps and (B) 30 ps. The excitation
wavelength was Aewe™ 267 nm and the average power was 50 mW. The intensity
scaling of the two figures are not the same, explaining the apparent differences.
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A deeper analysis of the time-resolved spectra at pH 3 using
log-normal functions was performed for the two time-windows of
3 and 30 ps (Figure 3.11. left and right, respectively).

As in the case of pH 7.4, an ultrafast red shift, more or less
limited by the 400 fs irf, can be observed (Figures 3.11.B); then,
beyond 1 ps, this shift proceeds more slowly all the spectra up to 30

ps.
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Figure 3.11. Time evolution of (A) total intensity, (B) peak frequency and (C)
spectral width using log-normal functions at a time window of 3 ps (left) and
30 ps (right).

Regarding the spectral width, an ultrafast broadening appears,
once again limited by the 400 fs irf (Figure 3.11.(C) left), followed
by a ps natrrowing from #1350 cm™ to #1300 cm™, which could be
due to cooling. At longer times, there is no visible change in the
spectral width (Figure 3.11.(C) right).

3.2.2. Theoretical calculations
3.22.1. Computed absorption and emission energies

The natural transition orbitals (NTO) 3 associated to the S¢—S;

and S;—S, electronic transitions for €C-2H,O and ¢CH"-2H,O
(Figure 3.12.) are reported in Figure 3.13.

99 8Q ' Q':O

\
Q\) 4 8 /° a
I Zl
bz 1 ° P h //9
A — 7
48 =

Figure 3.12. Computational model adopted to study €C in water solution
at neutral €C-2HO on the left and its acidic form eéCH*-2H;O on the right.

NTOs is a useful tool to describe the electronic transitions in
terms of one-particle excitations. In the case of €C the lowest energy
excited state in the Franck Condon region (FC) (S;) can be described
as bright ©m* excitation (with a prevalent HOMO—LUMO
contribution), called mm*1, from an orbital with strong C5-C6
bonding character to an orbital which is antibonding with respect
to this bond.

Besides, there is a strong contribution of the 5-member ring
atoms to this excitation. The second lowest energy state S, is also a
bright mn* state (hereafter denoted as mm*2), with the strongest
contribution coming from HOMO—LUMO+1 excitation. This
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picture is rather similar to that obtained for 1-methylcytosine
(hereafter simply C) in water.

On the other hand, as shown in Table 3.6, significant
differences are found with respect to the canonical nucleobase. In
addition to a weak red-shift of the lowest energy absorption band,
we observe that mn*2 gets closer to mm*1, while its intensity
decreases.

On these grounds, the shift of the absorption maxima from 271
(in case of C) to 273 nm (in €C) is due to a very small red-shift of
the lowest absorption band maximum with an increase in intensity

of mn*2 band. Overall, these changes lead to a blue-shift of the
‘total” absorption band and the disappearance of the large shoulder
at 250 nm present in the experimental spectrum of C.

Table 3.6. Vertical absorption and emission energies computed for
€C2H,O and €C in water. PCM/M052X/6-31G(d) geometty optimization.
Oscillator strength is given in parentheses. The results have been obtained at the
solvent non equilibrium level.

eC -2H,0 eC (&

6-31G  6-311+G 6-31G  6-311+G 6-31G 6-
@ @d2p) (@  (2d2p) (d  3+G
(2d,2p)
S 5.16 4.99 5.15 4.98 5.29 5.13
(1) 0.29)  (0.31) (0.30) (0.32) (0.17) (0.25)
S 4.34 4.34
(mr*l-min)em | (0.35) (0.35)
S 4.17 - 4.16 - - -
(rr*l-min)em | (0.49)« (0.49)«
S, 5.52 5.30 5.56 5.34 6.27 6.06
(Tm*2) 0.11)  (0.13) (0.10) 0.12)  (0.22)>  (0.17)
S; 6.42 6.26 6.26 6.17 5.84 5.87
(nm*) (0.00)  (0.04) (0.00) (0.04) (0.00) (0.00)

* emission energies computed at the solvent equilibrium level, Sy

The increase of the molar absorption coefficient with respect
to C is also reproduced by our calculations. The dark excited states

are affected, since the lowest energy nm* state of C, involving the
lone pair (LP) of N3, disappears. The lowest energy dark state (S3),
hereafter labelled as nm*, therefore mainly corresponds to an
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excitation from the carbonyl lone pair towards a ¢ orbital (similar
to the LUMO++1) and, as for C in water, is less stable than m*2.

e
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Figure 3.13. Natural Transition Orbital (NTO) associated to the three
lowest energy excited states in €C-2HO (left) and eCH*-2H>O (right) in water,
according to PCM/M052X/6-31G(d) calculations. Upper row: patticles. Lowet
row: hole.

Our calculations also capture the effect of protonation
occurring in acidic pH (Table 3.7.). A red-shift of the lowest energy
band by 0.2 eV is predicted, in good agreement with the
experimental indications (A, 284 vs. 273 nm, Table 3.1 and Figure
3.2). The shape of the three lowest energy excited states is similar to
that just described for the neutral compound (Figure 3.13. right),
except for the loss of the contribution of the N8 lone pair to n7*,

which, though always 0.5 eV less stable than wn*2, gets closer in
energy to the bright excited states. It is worth noting that the explicit
inclusion of H,O molecules has a limited impact on the absorption
spectra.

Finally, the extension of the basis set leads to a moderate red-
shift of the spectra of both €C and €CH", but does not change the
qualitative picture obtained with the smaller 6-31G(d) basis set.
From a quantitative point of view, the computed vertical absorption
energies are blue-shifted with respect to the experimental bands,
confirming the trends evidenced for C. In addition to the possible
limitations of the computational methods adopted, a significant part
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of this discrepancy is due to the absence of vibrational and thermal
effects in our calculations, which are expected to red-shift the
computed band maxima by an additional 0.2 eV.”

S; geometry optimization leads to a stable minimum of the
Potential Energy Surface (PES), denoted nm*1-min, both for

€C-2H,0 and eCH"-2H,0. The vertical emission energies obtained
from these minima are given in Tables 3.6 y 3.7. Calculations duly
reproduced the spectral red-shifts associated with protonation,
being more important for absorption than for fluorescence. This is
also well reflected, both experimentally and theoretically, by a higher

Stokes (V) shift under neutral (V,=0.73 eV vs Vgo=1 eV)
conditions than at acidic pH (Vep=0.63 eV vs V,=0.8 V). The
small overestimation of Vi, can be interpreted in terms of vibronic
effects which affect absorption and emission maxima in opposite
directions.

Table 3.7. Vertical absorption and emission energies computed for
eCH*®2H,O and eCH* in water. PCM/MO052X/6-31G(d) calculations.
Oscillator strength is given in parentheses. The results have been obtained at the
solvent non equilibrium level.

&CH* -2H;0O sCH+*
6-31G 6-311+G 6-31G 6-311+G
(@) (2d,2p) (@ (2d,2p)
S 495 4.84 4.88 4.78
(mm*1) (0.33) (0.34) (0.34) (0.35)
S 4.27 4.24
(Tn*1-min) em (0.36) - (0.36) -
S 411 4.07
(TI*1-min) em? (0.49)2 (0.48)«
Sz 5.82 5.59 5.93 5.68
(T*2) (0.15) (0.17) (0.14) (0.17)
S; 6.33 6.39 6.19 6.25
(nm*) (0.00) (0.00) (0.00) (0.00)

semission energies computed at the solvent equilibrium level

Morteover, a more careful treatment of dynamical solvation
effects could provide refined, and more reliable, values. The main

69



|
C 6 Chapter 3

structural changes with respect to the Franck Condon point involve
the lengthening of the C5-C6 and C9-C10 (Figure 3.12) double
bonds. Interestingly the S; minimum keeps the planarity typical of
the S, minimum, at difference with what happens for C, where a
shallow minimum, with the ring adopting a strongly bent structure,
is predicted.*’

Geometry optimization of S, (nn*2) for eC-2H,O predicts a
very effective decay to the underlying mn*1 state, eventually
reaching m*1-min. Optimizing nn*2 for eCH'-2H,0, we obtain
the same final outcome. However, analysis of the PES shows that a
low-energy gradient region is present, we can consider as a pseudo-

minimum for T*2.
Gas phase CASPT2 calculations (Figure 3.14 and Table 3.8) are
consistent with the picture provided by TD-M052X, predicting that

protonation red-shifts the lowest energy excited state by ~0.3 eV.
Moreover, a planar minimum is predicted for S;, a bright mm*
HOMO—LUMO transition, with a predicted Stokes shift of ~1 eV.

pR*1/S,

So

FC

Figure 3.14. Schematic description of the proposed decay mechanism for edC

(left) and edCH™ (right) in gas phase according to CASPT2/CASSCF
calculations.
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Table 3.8. Vertical absorption and emission energies (in eV) computed for €C

and eCH™" in the gas phase. SS (italics) and MS-CASPT2 calculations. Oscillator
strength is given in parentheses.

&CH &CH*
S 456(0.16)  4.25(0.30)
(nm*1) 4.88 4.25
S 352(043)  3.23(0.18)
(mm*1-min) 4.17 3.49
S, 5.42(0.01)  5.73(0.02)
(nr*2)
Ss 5.92(0.01)  6.13(0.00)
(nm*1)
S 6.28(0.00)  6.24(0.00)
(nmw*1)

3.2.2.2.  Deactivation pathways

In order to help the interpretation of the time-resolved

expetiments the main non-radiative decay paths for €C and eCH"
have been mapped at PCM/TD-M052X/6-31G(d) level (Figure
3.15). As a first start calculations to obtain the S;/S, crossing regions
were done. This crossing regions can modulate the ground state

recovery. The analysis was performed for mm*1, since the geometry

optimizations strongly suggest that Tr*2 decays effectively to mm*1.
It has been mentioned that excitation at 267 nm leads to partial

population of wr*2. Therefore, the low value of the anisotropy at
time zero show in the time resolved fluorescence experiment is

affected by the population excited on ©*2 and emitting from we*1.
This process should be more relevant for €C than for its protonated
counterpart, for which a larger Tn*2/nn*1 energy gap is found in
the FC point, in line with the experimental trends (r, = 0.27 for €C

compared to 0.32 for €¢CH", Tables 3.3 and 3.5). No clear
wavelength dependence is observed, in line with the emission

coming only from wr*1.
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An extensive exploration of the PES allows locating a crossing
region between nn*1 and S, for both €C and eCH" at the PCM/TD-
MO052X/6-31G(d) level (Figure 3.15). The main geometrical
features of this region are very similar to that exhibited by the
Conical Intersection (CI) located at the CASPT?2 level and discussed
below. It is the C5-C6 ethylenic CI (Figure 3.16), a common feature
of the decay path of pyrimidines nucleobases, with the C5 and the
C6 atom out of the molecular plane and the H5 atom undergoing a
significant out-of-plane motion. This crossing region is more stable
than the S; minimum, but a sizeable energy barrier is present on the
path. According to calculations this barrier is ~0.5 eV for eCH" and

~0.3 eV for €C.
In addition, a possible explanation to the faster time-constant

T, determined for eCH", which varies randomly as a function of the
emission wavelength, is that during the motion away from the FC
region toward, emission taking place at different energies are more
sensitive to the different regions of the PES. Indeed, previous data
obtained for 2’-deoxycytidine and its derivatives,” reported that
this ultrafast lifetime in the blue side of the spectrum could be
attributed to an emission from an area close to the FC region, or to
the interplay with additional bright states.

In order to put this analysis on a firmer ground, CASPT2 was
used to obtain a consistent picture describing the crossing regions

with Sy in the gas phase. A CI between mr*1 and S, which is
confirmed a C5-C6 ethylenic CI. This stationary point is higher in

energy compared to T*1-min and the energy gap is ~0.1 for €C
and 0.3 ¢V for eCH", respectively.
Moreover, any additional bartier along the nn*1-min— S,/S,

CI pathway was found after connecting nr*1-min and the CI by
minimum energy path calculations.
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0.3 (0.5)

n/s, nn*1/S,

e 1-min

FC
Figure 3.15. Schematic description of the proposed decay mechanism for
€C and eCH" in water. The value in parentheses is relative to eCH*.

Finally, geometry optimization of S; (n*) indicates that, after
crossing of S, and Ss, a crossing region with S is directly reached,
without overcoming any energy bartier, both for €C and eCH™. In
the crossing region, the C2-O7 group undergoes a strong out-of-
plane motion (Figure 3.10).

For both €C and for eCH" there is a viable path connecting the
photoexcited population to a CI with S, which is more stable than

n*1 at the FC point. However, this decay channel is expected to
be less effective than that mapped for C. A sizeable energy barrier
is indeed predicted by PCM/TD-M052X in watet, whereas in the
gas phase the CI is less stable than r*1-min, giving account of the

longer lifetime found for €C with respect to C. In the case of
protonation, it makes this non-radiative decay path more difficult
(both according TD-M052X and CASPT2), in line with the
experimental indications. These results are fully consistent with the

longer lifetime (ca. 3 times) observed for the €C by respect with that
of cytidine, and also with the increase of the lifetime under acidic
conditions. It is noteworthy that another deactivation route was
previously computed for C. This decay, which corresponds to a
conical intersection with a new conformational deformation
involving C4-NH, out of plane “sofa” type configuration, is
somewhat more energetic than the ethylene-like CI.”

The barriers in the presence of the solvent were found to be
0.23 eV and 0.31 eV for the two different pathways compared to
0.15 eV and 0.14 eV in the gas phase, indicating that the aqueous
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environment does not make one of the two directions much more

preferable.

?%/’/ : ‘ - VI

Figure 3.16. Schematic drawing of a representative structure of the (left)
S1/So crossing region eCH* (right) S3/So crossing region for eCH02H,O.
PCM/M052X/6-31G(d) calculations.

This “sofa” type pathway would be effectively blocked in €C,
indicating that it does not represent any major relaxation channel
since the excited state lifetime is still picosecond. Other studies
addressed the importance of the ethylene-like CI by means of
combined  experimental/theoretical  investigation of  5,6-
trimethylenecytosine (TMC), where the C5 and C6 atoms are linked
by an aliphatic (non-aromatic) chain.** This conformation
constraint causes a strong energy barrier for the out-of-plane
deformation at the C5 position.

Interestingly, this compound does not exhibit the
subpicosecond excited-state lifetime characteristic for the naturally
occurring pyrimidine bases. Instead, the fluorescence lifetime
increases 4 to 10-times by respect with that of the unclamped
nucleobase, showing the enormous involvement of the ethylene-like
torsion in the non-radiative deactivation of the cytosine excited
state. The picosecond range lifetime obtained for edC together with
the computational data disclose that the C5-C6 twist involved in the
ethylene-like CI is not blocked by the presence of the etheno ring
and still acts as the main radiationless pathway.

Another effective non-radiative decay path involves the dark
state S;(nm*). This excited state is less stable than the bright
spectroscopic states in the FC region. On the contrary, despite being
significantly less stable than the lowest energy bright states in water,
it has been proposed to be involved in the excited state dynamics of
C in aqueous solution,*” and recent quantum dynamical simulations
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in the gas phase have confirmed its strong coupling with the
spectroscopic states.”

Actually, eCH" is rather close in energy to Tm*2 and, therefore,
its involvement cannot be discarded. Interestingly, at difference
with what happens for C, no minimum is provided for this dark
state, whereas a barrierless path is predicted to lead directly to a
crossing region with S,. This path could provide an additional decay
route for the photoexcited population, further decreasing the
excited state lifetime, also in the presence of an energy barrier in the
path involving the mn*1/S, CI. This state has been shown to play
an opposite role in the deactivation paths of C for which it acts as a
central player for its long decay lifetime (of tens of ps).”*

In the canonical base, the nm* state relaxes towards its
minimum which is significantly lower in energy (=0.6 ¢V) than the
crossing-point (CI) with the ground state’, and therefore, this state
persists for tens of picoseconds, as shown by time-resolved IR
experiments.” The etheno substituent makes this excited state more
localized on the carbonyl moiety (Figure 3.13), reducing the
participation of the ring with respect to C, making its out-of-plane
motion an effective mechanism for non-radiative decay.

3.3. CONCLUSIONS

Both experimental and computational approaches have been
followed to investigate the photophysics of 3,N4-etheno-2’-

deoxycytidine under its neutral or protonated form (edC and
edCH", respectively).

Steady-state and time-resolved experiments show that the

etheno ring significantly affects édC excited state properties with
respect to those of the parent cytidine. Indeed, a 3-fold increase of

the fluorescence quantum yield (¢r) and average lifetime <t> were
observed for €dC in neutral solution. These values are dramatically
amplified upon protonation at pH 3 with <t> increasing from 1 to
11 ps and a 15-fold higher ¢r.
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The experimental results have been rationalized with the help
of quantum mechanical calculations. The pH dependence observed
for the steady state measurements are well reproduced by theoretical
calculations run at PCM/M052X/6-31G(d) level, which reveal for
both €C and eCH" the presence of three different excited states,

two bright Tm* states and a higher located dark n7t* state, involving
the carbonyl lone pair.

As already reported for the canonical base 2’-deoxycytidine
(dC), the emissive state is the lowest bright state wr*1, with
excitation mainly centered on orbitals of the C5-C6 bond,;
nonetheless, for the etheno derivative this state has a non-negligible
contribution of the 5-membered ring atoms. Irrespectively of the

pH, a major difference compared to dC is the absence of a dark nm*

singlet due to N3 lone pair, as the lowest energy dark state is a ni*
state involving the carbonyl lone pair.

Mapping of the main non-radiative decay pathway shows that
the extra ring does not affect the typical pyrimidine main
deactivation path, which corresponds to the ethene-like conical
intersection with an out of plane deviation of the C5 and C6
substituents. Concerning the emission decays, the sub-ps lifetime

(T1) is associated with deactivation in an area close to FC region or
with the interplay with other bright states, whereas the longer-lived

T, is the result of deactivation from the mm*1-min.
The slower kinetics of €dC (1, of ca. 2 ps) and edCH" (1, of ca.
12 ps) compared to that of dC (7, of ca. 1 ps) is the consequence of

the need to overcome a sizeable energy barrier in the wn*1 PES to
reach the CI. The higher height of this barrier in the case of the

protonated counterpart (~0.5 eV vs ~ 0.3 eV) is also in concordance
with its longer lifetime To.

Altogether, these results show that the addition of an extra
etheno ring on the canonical dC alters its photobehavior. On the
one hand, €édC exhibits a red-shifted absorption compared to dC,
which increases the UVB fraction of sunlight that can be directly
absorbed by edC—containing DNA, and that can trigger undesired
photolesions. However on the other hand, this structural change
decreases the efficiency of the non-radiative deactivation by
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lengthening the excited state lifetime. Similar changes have already
been reported for 5-methyl-2’-deoxycytidine and associated with an
increased intrinsic photoreactivity, especially in terms of
cyclobutane pyrimidine formation.

Other lesions, such as the formylpyrimidine derivatives or (6-
4) photoproducts, have also been proposed as internal DNA
photosensitizer. Thus, the presence of a edC adduct in a nucleic acid
sequence could endanger the genome integrity not only because of
its reported “dark” mutagenicity but also because, under irradiation,
it might act as a doorway for undesired DNA photolability.

3.4. EXPERIMENTAL SECTION

3.4.1. Reagents and Solvents

3,N4-etheno-2’-deoxycytidine (dC), sodium phosphate monobasic
(Na,HPOy,), sodium phosphate dibasic (Na,HPOy), sodium citrate
dihydrate, citric acid, methanol, diethyl ether and acetonitrile were
purchased from Carbosynth and Sigma-Aldrich and used as
received. All the solvents were spectroscopic grade and buffers were
made following the AAT Bioquest buffer protocol.

3.4.2. UV-Vis measurements
Absorption spectra were recorded in a Perkin Lambda 850
spectrophotometer, using quartz cuvette with optical path of 1 cm.

3.4.3. Steady state fluorescence
Spectra were measured upon 267 nm excitation with a Fluorolog-3
(Horiba, Jobin-Yvon) fluorimeter. Quantum yield was determined

using thymidine monophosphate as reference (¢p= 1.54 x 10%). *

3.4.4. Upconversion technique

A detailed description of the femtosecond fluorescence
upconversion equipment has been given earlier. * Briefly, the 267
nm excitation was generated as a third harmonic of a femtosecond
mode-locked Ti-sapphire laser (Coherent MIRA 900). The average
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excitation power was set at 50 mW. The €dC solution (30 mL, 0.5
OD at 267 nm) was circulated in a flow system with a moving 1 mm
flow-cell in order to avoid degradation.

The fluorescence from the cell was collected and focused into a 1
mm BBO type I crystal using two off-axes parabolic mirrors. It was
further passed through a cutoff filter (WG305 or WG320) in order
to eliminate the weak remaining UV excitation light.

After the mixing of the fluorescence and the IR gating pulse in the
NL crystal, the generated sum-frequency light was focused on the
entrance slit of a double monochromator equipped with a
photomultiplier (Hamamatsu 1527P) connected to a photon
counter (Stanford SR400). Fluorescence decays were recorded at
selected wavelengths with parallel (1,.(t)) and perpendicular (L, (t))
excitation/detection configurations. These were performed by
controlling the polarization of the exciting beam with a zero-order
half wave plate. The temporal scans were repeated several times and
then averaged in order to improve the statistics. For visualization,
total fluorescence decay kinetics (F(%)) were constructed from the
parallel and perpendicular signals according to the equation: F(#) =
Lu(d + 2 Loy(d.

Likewise, the fluorescence anisotropy 1(t) was constructed
according to the equation: F(9) = (1,,(9) - L.,(9)/F(.

For the data treatment, parallel and perpendicular scans were treated
together, allowing both the intensity and the anisotropy decays to
be model-fitted simultaneously.

To this end, we performed a merged nonlinear
fitting/deconvolution process using the impulse response model
functions

fpu(®) = (1 + 2r(O)A1)

fper(®) = (1 - 1A

convoluted by the Gaussian instrument response function (irf) G(t)
: 4(t) ® G(t). The fwhm value of the Gaussian irf was about 400 fs.

The model functions thus obtained were fitted to the experimental
parallel (I,,) and perpendicular (I,.;,) signals. Mono- or
biexponential functions were used for f{t), while 7(t) was taken as

monoexponential. The average lifetime <t> was determined from

fitted parameters using the equation: <t> = a;T; + 2,1,
Time resolved fluorescence spectra were recorded at magic angle
between 300 and 385 nm by scanning the monochromator with a
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step of 5 nm. The detection system is blind around 400 nm due to
scattered excitation light and the red-wing of the spectrum was too
weak to record separately. About 30 time-resolved spectra equally
spaced in time were recorded over a time window of 3 or 30 ps. The
full wavelength — time sampling was repeated several times and then
averaged in order to improve the statistics.

Resulting spectra were corrected with regards to the spectral
sensitivity of the system using a phenomenological correction curve
obtained by comparing a reference FU spectrum to the
corresponding steady-state spectrum. For the pH 7.4 recordings,
the long-time spectra (> 200 ps) of the dye DMQ were used
(external calibration), while for the pH 3 recordings, the long-time
spectra (< 20 ps) of edC itself were used (internal calibration).

3.4.5. Computational details

W ater solution. In order to study the behavior of edC and edC(H)" in
water we have adopted the computational models depicted in Figure
3.12, where the sugar is mimicked by a methyl group, bulk solvent
effects are included with the polatizable continuum (PCM) model,*
and the effect of solute-solvent hydrogen bond interactions
considered by explicitly including two H,O molecules, with the
arrangement shown in Figure 3.12. Our previous study on Cyt
shows indeed that substitution of the sugar with methyl group does
not have a significant impact on the excited state behaviour.’
Calculations have been also performed without including explicit
water molecules. DFT and TD-DFT, using the MO052X
functional,*™*” have been used as reference computational model,
since they have been already profitably adopted to study the
photoactivated behavior of Cyt derivatives in solution.*’

Gas Phase. In parallel we have mapped the PES of ¢CH and eCH"
in the gas phase by Complete Active Space Self Consistent Field
(CASSCEF)®™*  optimization of minima and state crossings and
minimum energy path calculations. Energies have been corrected
using second-order perturbation theory (CASPT2) in its single and
multistate (MS)* formulation with an IPEA shift™ of 0.0 a.u. and
an imaginary level shift™ of 0.3 a.u. The selected active space, 16

electrons in 12 orbitals, contains all the © and ©* orbitals together
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with the Lone Pairs of the O and N8 atoms for eCH. Since the latter

is not present in ECH" the active space is reduced to 14 electrons in
11 orbitals. An equal weight state-average over 5 states was used
throughout. To be consistent with the DFT calculations these
calculations were also done using the 6-31G(d) basis set.
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4.1. INTRODUCTION

Photosensitization of DNA bases has attracted considerable
interest in order to understand the interaction between light and
chemicals, which is responsible for the appearance of harmful
effects such as aging, phototoxicity, photocarcinogenesis, etc. '

The main types of mechanisms involved in DNA
photosensitization correspond to Type I or II processes, together
with triplet-triplet energy transfer (TTET). >’ The resulting primary
photolesions are not always photostable and might suffer further
photodegradation. However, up to now the photobehavior of DNA
lesions has been the subject of a limited number of studies, most of
them centered on the photolability of 8-ox0-7,8-dihydroguanosine
(8-0x0G) as the main oxidatively generated DNA damage through
Type I and Type II processes. * In this context, mutagenic
properties of the formed secondary products have been
demonstrated for 2,2-diamino-oxazolone (Ox) ‘
spiroiminodihydantoin (Sp) or guanidinohydantoin (Gh). ’

Concerning the etheno adducts (e-adducts), the chemical
stability of édG has been tackled in the literature to evaluate the
accuracy of the analytical methods employed in its quantification as
an oxidative stress biomarker. ® Thus, its degradation by hydrolysis
under acidic condition (pH 2), Fenton reaction and one electron
oxidation by SO," has been evidenced, * ending up in its repaired
nucleotide, dG, for those two last processes.

Furthermore, the reactivity of e-adducts with 10, has also been
studied few years ago. ’ In this work, thermally generated 'O, using

naphthalene-derived endoperoxides, reacts with €dG and allows
regeneration of the original nucleoside, dG. Bimolecular rate

constants for 'O, quenching by g-adducts ranging from 2.3 to
4.4x10° M''s"" have been determined. These values are close to that
measured for quenching by dG of ca. 5.4x10° M's", * which is the
only nucleoside able to react with this ROS. However, the repair

was only detected for the edG lesion pointing towards a physical
quenching of 'O, by édA and &dC. The proposed mechanism for
Type 1II reactivity of €dG involves formation of an oxetane

91



d

Chapter 4

intermediate, which after cleavage and elimination leads to restored

dG.

With this background, photosensitization of the three e-
adducts by Rose Bengal (Figure 4. 1, RB*) and 4-
carboxybenzophenone (CBP) was considered of interest in this
Chapter.
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Figure 4. 1. Structure and absorption spectra of Rose Bengal (RB%) in water,
left and 4-carboxybenzophenone (CBP) ACN:H,O (1:1, w/w), right.

On the one hand, RB* is a well-known photosensitizer that has
been widely used due to its high quantum yield of 'O, formation
(®@s = 0.76 in water). " Therefore, its mode of action has been
mostly attributed to a Type II mechanism, ie. reaction between the
substrate and 'O,. In this context, RB* has been used to investigate
the photoproducts obtained from 0, attack to nucleoside or DNA
molecules **, leading to the formation of 8-0xoG, Ox, Sp or Gh.
However, it has also been shown that RB* could undergo oxidative
and reductive triplet excited state quenching in biological media. "'
Thus, the potential role of each pathway (Type I »s Type II) has to

be considered during e-adduct photosensitization by RB*.

On the other hand, benzophenone and its derivatives such as
CBP have been described as classical and paradigmatic
chromophores. '* They are well-established DNA photosensitizers
able to yield a large variety of lesions arising from Type I (electron
transfer and hydrogen abstraction) or Type II processes, but also
from triplet-triplet energy transfer (TTET) to thymine, the
nucleobase with the lowest triplet excited state energy. In this
chapter, CBP is used as a water-soluble derivative, and €-adduct
photosensitization was run under anaerobic conditions, to prevent

92



«

Chapter 4

Type II mechanism and focus the attention on Type I and TTET
processes.

4.2. RESULTS
4.2.1. Spectroscopic properties of etheno adducts

In a first step, spectroscopic properties of etheno adducts were
determined and compared to those of the canonical nucleosides. As
shown in Figure 4. 2 (black line) and summarized in Table 4. 1, a
shift of the absorption maximum, ranging from 34 nm for edG to
3 nm for &dC, was observed for the three lesions in aqueous
solution at pH 7.4. This is in agreement with the presence of the
extra etheno bridge that extends the 7 conjugation initially present
in the bases, leading to a bathochromic effect of the absorption
bands. Moreover, although the maxima (Amay) for the three -
adducts are located in the UVC, they all exhibit a tail in the UVB
region, which reaches the UVA for €dA and edG.

Table 4. 1. Absorption and singlet excited state propetties of the e-adducts and
DNA bases in aqueous solution: Absorption maxima (Amax), molar absorption
coefficients (g), fluorescence maxima (Ag), fluotescence quantum yields (¢g) and
lifetimes (Ty), singlet excited state energies (Es).

ﬂmzx 3 ﬂ,[ ¢f Tr Es
(nm) (Mlcmr!) (nm) s) (k] mot)
edA | 275 5760 410 0.12 23-103 349

dA= | 260 14930 307  0.86-10+ 0.17 -

edc | 273 13200 325 184104 047 (ry), 403
1.89 (1)

dcs | 270 9300 328 0.89-10% 022 (1)), -
0.96 (12)

gdG | 286 10530 374 6.5104 057 (1)), 364
8.11 (12)

dG: | 252 13850 334 097104 0.16 (t), -
0.78 (1)

a data obtained from 13
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Moreover, fluorescence emission was monitored in PBS at pH

7.4 (Figure 4. 2, red line). As a general trend, the g-adducts band is
red-shifted in comparison to that of the corresponding nucleobase

(Table 4. 1). In this context, both €dA and €dG exhibit a broad

signal with a maximum at 410 and 374 nm, respectively, while edC
emission spectrum is sharper and centered at 325 nm. A large Stoke
shift, ca. 100 nm, was observed for purine derivatives. Fluorescence
quantum yields were determined using thymidine monophosphate

as reference (= 1.54 x 10 . The obtained values for €dC and
edG, in the range of 10, are somewhat higher compared to that of
the nucleobases. In addition, a pronounced enhancement of edA

emission was observed with ¢¢ of ca. 0.12, which is three orders of
magnitude higher than that of the other etheno lesions.

Table 4. 2. Triplet excited state properties of the €-adducts: Phosphorescence
maxima (Ap) and triplet excited state energy (Er).

ﬂ‘p (nm) Er (k]mof’)

edA” | 500 278
dA* | 380 320
edC’ | 480 281
dc*| 371 334
edG® | 415 314
dG* | 376 326

* data obtained from 4, for monophosphate nucleotides at 77K in ethylene
glycol/water.
b data obtained in ethanol at 77K

Triplet excited states were first studied at room temperature by
laser flash photolysis. No triplet-triplet transient absorption signal
was obtained under direct 266 nm excitation of degassed aqueous

solutions of g-adducts.
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Figure 4. 2. Room temperature absorption (black) and fluorescence (red)
spectra in PBS at pH 7.4, and phosphorescence emission in ethanol at 77K
(blue). Aex(edA)=310 nm; Aex(€dC)=275 nm; Aex(edG)=283 nm a) edA, b) €dC,
) edG.

By contrast, phosphorescence experiments performed at 77K

in EtOH showed emission for the three compounds (Figure 4. 2,
blue line). Triplet excited state energies (Et) were determined from
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the A value that cotresponds to the 20% of the maximum
phosphorescence intensity; they are ranging between 278 and 314
k] mol " (Table 4. 2). As in the case of the singlet excited states, these
energies are lower than those reported for the corresponding bases.

Finally, an overlap between the fluorescence and
phosphorescence spectra of the purine-derived etheno adducts,

observed in Figure 4. 2, is not present for edC.

4.2.2. Photosensitization studies

Steady-state photolysis of €-adducts in PBS revealed their lack
of  photoreactivity under  direct irradiation. Therefore,
photosensitization studies were addressed using RB> and CBP,

whose absorption at A>350 nm ensures their selective excitation in
the presence of the lesions.

4.2.2.1. Photosensitization of g-adducts by Rose Bengal
4.2.2.1.1. Steady-state photolysis
4.2.2.1.1.1. Aerobic conditions

Rose Bengal is mainly known as a Type II photosensitizer with
a singlet oxygen quantum yield ¢a of ca. 0.76 ' and low lying singlet
and triplet excited states (with energies of 213 and 176 kJ mol’,
respectively). ' In this context, to investigate the reactivity of singlet

oxygen with the g-adducts, steady state photolysis was performed
using RB> solutions in deuterated water with a ratio of 2:1 between
the lesion (20 uM) and RB* (10 uM). The solutions were irradiated
using a Luzchem photoreactor equipped with eight fluorescent
tubes of white light (FSL-T5 8W/765) with an emission between

350-700 nm and analyzed by HPLC to follow the kinetics of &-
adduct consumption and photoproduct formation.

Although the g-adducts do not exhibit absorption in this range,
control experiments were performed by irradiating the lesion alone
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(Figure 4. 3). Expectedly, no changes were observed by HPLC
showing their photostability under these conditions of direct
irradiation.
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Figure 4. 3. HPLC chromatograms registered at 260 nm obtained after 0
and 120 min of irradiation of a solution of 20:10 uM of etheno adduct and RB*
in deuterated water using white light.

Conversely, steady-state photolysis of the g-adducts in the
presence of RB* showed that the initial peak decreases as a function
of irradiation time (Figure 4. 4). An almost complete conversion was
observed after 30 min for €dC and €dA with the formation of only
one product eluting at tg = 4.0 and 5.9 min, respectively. The
guanine-derived adduct, édG, exhibited a higher reactivity, and its
consumption gave rise to the formation of three main peaks, at
retention times (tg) of 6.4 min, 9.2 and 11 min (Figure 4. 4). These
three peaks exhibit a similar trend as their intensity increases during
the first 15 min and decreases afterwards. This behavior is
characteristic of reaction intermediates, and it ends up with the
formation of secondary photoproducts eluting at shorter irradiation
time (see Figure 4. 4c, inset). The signal at tg= 5 min is assigned to
an impurity since it appears from the beginning and remains stable
during the irradiation (Figure 4. 4c, inset).

Interestingly, the peaks eluting at ty = 4.0 min for edC and 5.9
min for edA and edG were assigned to the original nucleosides dC,
dA and dG; this assighment was confirmed by comparison with
authentic samples and by UPLC-HRMS analysis of the irradiation

mixtures.
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Figure 4. 4. Left, HPLC chromatograms registered at 260 nm for an aerated
solution of 20 pM e-adduct in presence of 10 uM RB upon irradiation at
different times in D>O. Right, variation of the concentration of damaged

(square) and repaired nucleoside (circle) as a function of the irradiation time. a)
edA, b) €dC, c) edG, inset: chromatogram at short retention times after 30 min
of irradiation.
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For &dG, the intermediates at 9.2 and 11 min were not
identified. However, they can correspond to the compounds
depicted in Figure 4. 5, previously reported in the literature. ’

o O o © o)
\
N N N N
Ho\g\N)t N\ N)t \ o0— HN ‘ \>
NJ\\N N> HzN)\\N N> jNJ\\N N
H dR dR H dR
Figure 4. 5. Possible intermediates of €dG photodegradation.

Thus, RB* photosensitization of etheno adducts under aerobic
conditions leads back to the original nucleosides, and thus provides
a photorepair process of these lesions. Recovery of the nucleosides
appears to occur in high yields of 100% and 83% after 120 min of
irradiation for edC and edA, respectively (Figure 4. 4). By contrast,
dG formation yield reaches only 4% after 15 min and then
decreases. This behavior is due to the particular reactivity of this
nucleoside with 'O,, which is the only DNA nucleobase able to
react with this ROS to yield products such as Sp or Gh.

4.2.2.1.1.2. Anaerobic conditions

Next, experiments were performed under deaerated conditions
in order to investigate the possible involvement of other pathways
in the photosensitization process. Therefore, the samples were
prepared as described in the previous section and flushed with
nitrogen for 15 minutes before irradiation.

As shown in Figure 4. 0, effective photodegradation of all the
g-adducts was observed and gave rise to the original nucleosides as
the only detectable product, with a yield of 86% for dA and 100%
for dC after 120 min of irradiation. As under aerobic conditions, a
faster kinetics of photodegradation was observed for edG. Once
again, formation of dG was not quantitative; however, it reached
yields of ca. 32% after 15 min of irradiation. An intermediate
product, reaching a maximum intensity after the same irradiation
time, also appeared at tz=10 min together with minor products at
short retention times (Figure 4. 6c, inset).
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Figure 4. 6. Left, HPLC chromatograms registered at 260 nm for a degassed

solution of 20 pM g-adducts in presence of 10 uM RB upon irradiation at
different times in D»O. Right, variation of the concentration of damaged

(square) and repaired nucleoside (circle) with irradiation time. a) edA, b) €dC, c)
€dG, inset: chromatogram at short retention times after 30 min of irradiation.

Indeed, the dG behavior is related to the fact that guanosine is
the nucleobase with the lowest oxidation potential, and thus, the
most predisposed to undergo oxidation by one electron transfer.
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Therefore, after its formation, dG may suffer an oxidative process
leading to photoproduct formation (Figure 4. 7). This would explain
why, by contrast to €dA and £dC, RB* photosensitization does not
yield to a high yield of édG to dG conversion. In fact, both aerobic
and anaerobic photolysis of dG under the same conditions reveal
two photoproducts at tg= 2.5 and 3.7 min, which also appear in edG
irradiations.

LI
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/ L I\_ S =

—dG_ 2min —_— i ——————AG_2min
~4G_ 5min b ~4G_ 5min
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Figure 4. 7. HPLC chromatograms registered at 260 nm for a solution of 20

uM dG in presence of 10 uM RB? upon irradiation at different times in DO a)
under ait, b) under No.

Table 4. 3. Yields of the nucleoside formation for anaerobic and aerobic
photolysis of the g-adducts after 2 hours of irradiation for edA and €dC and 15
min for €dG.

Anaerobic Aerobic
dA 86% 83%
dC 100% 100%
dG 32% 4%

Compatrison of the obtained data under aerobic and anaerobic
conditions showed that the role played by 'O, in the repair process
is not predominant as the reaction also occurs in high yields in the
absence of oxygen (Table 4. 3). Thus, the next step was to consider
the photophysical study of RB* excited states and singlet oxygen in
the presence of etheno derivatives to get more insight into the
photosensitization routes.

101



[ |
v @ Chapter 4

4.2.2.1.2. Photophysical study of Rose Bengal in the presence
of etheno adducts

4.2.2.1.2.1. Singlet oxygen generation and quenching by the
lesions

The study of the interaction of the &-etheno adducts with
singlet oxygen using RB* as a photosensitizer was performed by
time-resolved phosphorescence. Experiments were run recording
O,('Ag) characteristic signal at 1270 nm after excitation at 532 nm
of RB* deuterated water solutions at a concentration of 5 pM
(As3,=0.18). A shortening of the singlet oxygen lifetime, initially T,
of ca. 66 us, was observed after addition of the etheno derivatives
(Figure 4. 8).

The 'O, quenching rate constants (k,('O2)-g in M's") were
determined from the Stern-Volmer plots applying the equation
1/1=1/1 + k('Oy-& X [e-adduct], where T, and T are the 'O,
lifetime (in s) in the absence and in the presence of a concentration
[e-adduct] of the quencher (in M). Similar values were obtained for

the three adducts with k,('O,)-€ in the order of 10° M''s™ (Table 4.
4).

Table 4. 4. Quenching rate constants of 'O,, generated with RB%, by etheno
adducts.

ky(102)-€ (Ms)

edA 9.2 -10°
edC 1.2 -10°
edG 3.6 -10°

Moreover, a decrease of the top emission intensity was
observed for all the quenchings, this was especially pronounced for

edA and &dC (Figure 4. 8 a & b) where the final adduct

concentration is higher (edG is not soluble at concentration higher
than 0.4 mM). This decrease could be the result of a lower
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formation yield of the singlet oxygen precursor, ze. the Rose Bengal
triplet excited state RB**), as the concentration of the quencher
increases. The changes in "RB** population can be due to several
processes.

First, the screening effect resulting from absorption of the
etheno derivatives can be discarded due to their lack of absorption
at the excitation wavelength. Another option is an interaction of the
g-adducts with the singlet excited state of the photosensitizer (‘RB*
*), that would decrease the excited molecules available for ISC and
population of "RB**. In order to investigate this possibility, steady-
state fluorescence experiments were carried out (Figure 4.9).
Solutions were prepared as desctibed above for 'O, detection

experiments and increasing amounts of €-adducts were added to the
RB* solution.
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Figure 4. 8. Time-resolved 'Oz phosphorescence signal and their
corresponding Stern-Volmer plot obtained from aerated D2O solutions of 5 uM
RB in presence of increasing amounts of etheno adducts (from 0 to 2 and 1.5
mM for edA and &dC, respectively) and from 0 to 0.2 mM in case of €dG. a)

edA, b) €dC and ¢) edG.
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Figure 4. 9. Fluotescence emission spectra obtained from 5 pM RB2 (A= 532
nm) in presence of increasing amounts of etheno adducts, from 0 to 1 and 1.4
mM for edA and edC, respectively and from 0 to 0.2 mM in case of €dG, a)
€dA b) edC and c) €dG. Inset: corresponding Stern-Volmer plot.

No significant decrease of 'RB** emission intensity was
observed (Figure 4. 9). Time-resolved studies could not be
performed due to the short lifetime of '"RB** of ca. 0.4 ns, which is
below the time resolution of our setup. '° Therefore, on the basis of
the steady-state fluorescence results, the decrease in the top
emission intensity observed in Figure 4. 9 is not due to a quenching
of 'RB**,

Another explanation could rely on the photodegradation of the
RB* during the measurements (each trace is obtained after an
accumulation time of 3 min). However, no significant changes were
observed when comparing the UV-Vis absorption spectra of the
solutions before and after the 'O, measurement (Figure 4. 10).
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Figure 4. 10. Absorbance spectra of 0.5 mM solution of the three etheno
adducts with RB before (solid line) and after (dot line) excitation at 532 nm in

direct 'O; detection experiment. a) edA b) €dC and ¢) edG

4.2.2.1.2.2. RB* Triplet channel

4.2.2.1.2.2.1. Phosphorescence experiments

Another option is a direct interaction between the triplet excited

state of Rose Bengal and the €-adducts. Indeed, upon excitation,
formation of the triplet manifold is the main route of deactivation

with an efficient intersystem crossing, ¢isc of ca. 0.8, thus the direct
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reactivity of this state with the lesions can play an important role in
the photochemical processes. '"'"'*

In this context, phosphorescence experiments were performed

using RB* solutions (5 uM) prepared in deuterated water and
flushed with N, just before the measurements.

The phosphorescence emission was registered at room
temperature after excitation at 532 nm. It showed a maximum at
730 nm, with a lifetime T, of ca. 210 ps. Decays were recorded in
the presence of increasing amounts of the etheno adducts (Figure
4. 11), and the bimolecular quenching rate constants k,(RB**)P-,
summartized in Table 4. 5, were obtained from the Stern-Volmer
plots (see insets, Figure 4. 11).

Table 4. 5. Bimolecular quenching rate constants, in M-'s’l, of 3RB>* by -
adducts determined from the phosphotescence, kq(*)RB?**)P-¢, and from laser
flash photolysis, ky(*RB?>*)LFP-¢, experiments.

k,CRB*)P-¢ kyCRB**)LFP-g
edA 1.5 -10° 3.8-10°
edC - -
edG 1.3 -108 8.5-10"
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Figure 4. 11. Time-resolved *RB%* phosphorescence signals, monitored at 690

nm, in N> and their cortresponding Stern-Volmer plot obtained from 5 pM RB*
in presence of increasing amounts of etheno adducts a) édA b) €dC and ¢) edG
(from 0 to 2 mM and O to 0.2 mM in the case of edG).
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These phosphorescence experiments showed that RB** is
quenched by &dA and &dG, with a constant two orders of
magnitude higher for the latter. Interestingly, for &dG, the
quenching rate constant of "RB** is also two orders of magnitude
higher than that of 'O,. The most surprising result is the absence of
interaction between €dC and *RB**, which is in contrast with the
efficient photoreactivity observed during the steady-state
photolysis.

Therefore, laser flash photolysis experiments were carried out
in order to get more insight into the quenching mechanism and to
investigate the presence of other intermediates such as radical
species in the g-adducts photosensitization process and especially
for edC.

4.2.2.1.2.2.2. Laser flash photolysis

Previous work revealed that 532 nm laser excitation of RB*
leads not only to the formation of its triplet excited state but also to
oxidative and reductive processes leading to the corresponding ion
radicals. "’ Figure 4.12 shows the formation of those radicals atising
from an electron exchange between *RB** and a molecule of RB*
in its ground state to give both the reduced (RB™) and oxidized
(RB™) species (Figure 4. 12a). The same species can also be obtained
from a disproportionation (Figure 4. 12¢) taking place between two
"RB**. Finally, the formed radical ions can undergo back electron
transfer (k.r, Figure 4. 12b) and deactivate to regenerate RB*.

Kredox?

a) ‘RBZ*+RB* — > RB*~ +RB'¥*

keT

b) RB*" +RB** 2RB*

k

C) SRBZ * + SRB 2 * redox 2 RB*~ + RB*3¥

Figure 4. 12. Scheme of the formation and deactivation of RB? radicals.

Thus, experiments were performed by means of a nanosecond
pulsed laser (Nd:YAG) using 532 nm as excitation wavelength.
Figure 4. 13 shows the transient absorption spectra of a degassed
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solution of RB* in deuterated water at different times after the laser
pulse. The spectrum is in agreement with those described in the
literature for RB*," and provides evidence for the formation of
three transient species. The first one, exhibiting three maxima at
ATR 380, 465 and 590 nm, is attributed to the triplet-triplet
transition "RB**, that starts to decay just after the pulse having a

lifetime of TCRB**) = 82 ps.

0,20 -
0,15 380nm 460nm
l 420nm l .
RB
0,10 1 !
) AN
< f \vy _ 0.5 us
<
a ¥ ¢, 340 pus
0051 /% . !
RB
0,00 -
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Figure 4. 13. Transient absorption spectra of Rose Bengal under Nz in
deuterated water after 532 nm excitation.

The other two transients are longer-lived than RB** and
appear at Agpe 420 and 460 nm with a relative delay after the pulse.
On the basis of literature data ', they were assigned to the oxidized

(RB™) and reduced (RB™) forms.
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Figure 4. 14. Left, Transient absorption spectra of RB? in presence of €-adduct
(2 mM for €dA and €dC, 0.2 mM for £dG) in D,O at different time after the
532 nm laser pulse. Right, decay signal monitored at 610 nm at different &-
adduct amounts; a) edA, b) edC and c¢) edG.

Quenching experiments were run by adding increasing
amounts of the different etheno derivatives. For the three lesions,
the signal at 600 nm assigned to the triplet-triplet transition was
monitored, and bimolecular quenching rate constants of the same
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order of magnitude as those obtained during the luminescence
studies were determined. For edA and €dG, the k, values are of ca.
3.8:10°and 8.5-10" M''s™, respectively; and no changes in the decay
were observed in the case of €dC (Table 4. 5).

Interesting outcomes can be drawn from the radical ion signals.
As shown in Figure 4. 14, when €dA and €dG ate added to the RB*
solution, the signals at 380, 465 and 590 nm decay, whereas the
transient absorption corresponding to the photosensitizer reduced
form RB™ at 420 nm remains stable.

The spectra obtained in the presence of €dC are different
(Figure 4. 14b) and are quite similar to those obtained for RB*
alone. No clear decrease of the transient absorption bands below
500 nm is observed, whereas the signal at 590-600 nm is
disappearing as a function of time.
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Figure 4. 15. Transient absorption spectra of RB? in the presence of 5 mM of
DABCO in water at different time after the 532 nm laser pulse.

For further assighment, formation of RB™ was forced by
adding 1,4-diazabicyclo[2.2.2]Joctane (DABCO) to the system.
Figure 4. 15 shows the transient absorption spectra of RB* in
presence of 5 mM DABCO, where the RB™ signal at 420 nm is

clearly observed. Therefore, detection of this species when £dG and
edA are present in the solution, together with "RB** quenching by

these g-adducts points toward a photoredox process where "RB**
oxidizes the lesions to yield the photosensitizer reduced form, RB”,

111



[ |
v @ Chapter 4

and the radical cation of the lesions. This latter was not detected in
our experiment; however, it could be masked by the band derived
from RB?, have a low molar absorption coefficient or absorb in a
region different from the analysis window.

In addition, the triplet manifold of the donort, E1(’RB**) of ca.
176 kJ mol”, has a lower energy than that of the acceptor, as the
Erof €-adducts range from 278 to 314 k] mol'. This allows
discarding a triplet-triplet energy transfer (T'TET) process as
responsible for the quenching.

4.2.2.2. Photosensitization of  g-adducts by  4-
carboxybenzophenone

4.2.2.2.1. Steady-state photolysis

As an alternative photosensitizer, 4-carboxybenzophenone
(CBP) was considered. First of all, steady-state photolysis
experiments were done in order to investigate the repair process.

The etheno adducts were irradiated with UVA light in the
presence and absence of CBP in a deaerated mixture of water and
acetonitrile (1:1, viv). CBP was used to study pure Type I
mechanisms or TTET; therefore, absence of O, is required. No
degradation of the etheno derivatives occurred during the control
irradiation in the absence of CBP. By contrast, in the presence of
CBP, photodegradation took place for the three etheno derivatives
(Figure 4. 16). In the case of €dC, a low yield of dC was obtained
after its degradation, and no other compounds were detected under
the experimental conditions (monitoring at A=260 nm). For edG
and &dA, the repaired nucleoside was observed together with
another peak at a tg of ca. 10 min for €dG, as it has been mentioned
above for RB* photosensitization, and tz=4 min for edA (Figure 4.
16). These results point toward the possibility of a photoinduced
anaerobic oxidation process for the purine derivatives, which

regenerates the original nucleobase from the g-adducts.
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Figure 4. 16. HPLC chromatograms registered at 260 nm for an anaerobic
solution of €-adducts 100 uM in presence of CBP 50 pM upon UVA irradiation
at different times in MeCN:H>O (1:1, v:v). Right, variation of the concentration

of damaged (square) and repaired nucleoside (circle) with irradiation time. a)
edA, b) edC and c¢) €dG, inset: chromatogram at short retention times after 30
min of irradiation.
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4.2.2.2.2. Laser flash photolysis

Then, LFP experiments were carried out at 355 nm to
investigate the nature of the observed oxidative pathway. Figure 4.
17 shows the transient absorption spectra of an N, flushed
H,O:ACN CBP solution. The signal detected at 560 nm was
assigned to the CBP triplet excited state "CBP*) by comparison
with reported data. "

500 550 600 650 700
Wavelength (nm)

002 | A7 o X

> 4

T T T T T T T T T )
250 300 350 400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 4. 17. CBP transient absorption spectra in MeCN:H>O (1:1, vv) at
different times, from 0.1 to 8 ps, after the 355 nm laser pulse. Inset graph: CBP
transient absorption spectra of the same solution adding 20% v:v of ethanol.

In the presence of purine-derived g-adducts, the *CBP*
disappeared at short delays after the laser pulse and gave rise to a
long-lived and red shifted signal with maximum at ca. 580 nm
(Figure 4. 18C). This process was more pronounced in the case of
€dG than for edA (Figure 4. 18A), and it was not observed for edC.
The new transient was attributed to the ketyl radical of CBP
obtained from photoreduction of the >*CBP* and oxidation of the
lesions. In this process, the formed anion radical CBP™ is
subsequently protonated (Figure 4. 19) " yielding CBPH".
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Figure 4. 18. Transient absorption spectra of CBP in presence of g-adduct (2
mM for edA and €dC, and 0.3 mM for €dG) in MeCN:H,O (1:1, v:v) at
different times after the 355nm laser pulse. a) edA, b) edC 0.5, ¢) edG.
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Figure 4. 19. Photooxidation mechanism triggered by 4-carboxybenzophenone
leading to the formation of its anion radical (CBP*) and subsequently to the
ketyl radical (CBPH").

This transient radical was further assigned by comparison with the
signals obtained for CBP aqueous solution containing 20% of
ethanol (inset Figure 4. 17). In this case, the typical H-abstraction
from H donor solvent led to efficient formation of CBP ketyl radical
centered at 580 nm.

Concerning the kinetics, the *CBP* lifetime was shortened in
the presence of the three etheno derivatives. The bimolecular
quenching rate constants k,(CBP*)-¢ obtained from the Stern-
Volmer plots were of ca. 3.6:10° M's" for &dG, 2.2:10° M''s" for
edA and 2.7-10° M's™" for &dC. Interestingly, the k,CCBP*)-g was
higher in the case of édG, where TTET is energetically disfavored
as BE(’edG*) > E; (CBP*). This is consistent with quenching
occurring via electron transfer from the etheno to benzophenone
triplet manifold and is further supported by the clear detection of
CBPH' in Figure 4. 18c.

By contrast, for edA and €dC both TTET and photoredox
processes should be considered. In the case of €dA, the ketyl radical
is indeed observed albeit in lower yield (Figure 4. 18a). Hence, the
high k,CCBP*)-¢ of ca. 2.7-10” M''s”" found in this case should be
the result of a combination of electron transfer and TTET.

Finally, CBPH" is hardly detectable for quenching by &dC,
pointing toward the predominance of an energy transfer quenching
process.
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4.3. DISCUSSION

In this chapter, the photoreactivity of g-adducts triggered by
two well-established photosensitizers has been addressed to get
mechanistic insight into the processes responsible for their
photodecomposition. In both cases, triplet-mediated processes
were observed for the purine adducts.

Firstly, experimental results obtained during irradiation in the
presence of RB* are not in agreement with a “clean” Type 11
photosensitization of g€-adducts since the photoreaction takes place
to a similatr extent in aerobic and anaerobic media. For that reason,
competition between Type I and Type II oxidation was further
investigated to establish the actual mechanism responsible for the
g-adducts photodegradation.

After RB* excitation, triplet excited state is efficiently
populated (pisc= 0.8) and then it can be deactivated following
different pathways (Figure 4. 20): (i) intrinsic decay, kqyCRB**), (ii)
quenching by the g-adducts, k,"RB**)-g, via a Type I process, or
(ili) quenching by oxygen k,’RB**)-O, to form 'O,. This species
can be subsequently quenched, k,('O,)-g, by the €-adduct to yield a
Type 1I process or can decay naturally to its ground state, ky('O,).

e
gadducts | g 4 g adduct™* —— | PRODUCTS
kq (JRBZ-*)_E
ISC
IRB2* » 3RB2*
(Type 11 |
hv o aa
" kg CRB%) 2 1, _ Eacducts PRODUCTS
k, CRB*9-0, . kg (10y)-€
& i
RB* k (10 §
0,

Figure 4. 20. Deactivation routes intervening in the interaction between excited
RB? and g-adducts.
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The values of the bimolecular quenching rate constants are
given in Table 4. 4 and Table 4. 5, the constants derived from the
laser flash photolysis experiments were considered in the case of
"RB**. This analysis has only been made for edA and €dG, as no

interaction between "RB** and £dC was experimentally evidenced.

Contribution of the different routes and of the percentage of
Type I vs Type I processes can be estimated by using equations (1
- 5). * In these equations, T(RB**) and 1('O,) are "RB** and 'O,
lifetimes of ca. 80 and 66 ps, respectively. Values of [e-adduct]=
20:10° M and [Oy= 29:10* M were considered for the

concentrations of g-adducts and molecular oxygen in water *

respectively, and k,CRB**)-O, is taken as 7.4:10° M's".

Equations (1) to (3) allow determining the contribution of the
three pathways arising from *RB**:

(eq. 1)
1

%3 RB**Intrinsicdecay(kysggz-+) = LET 7—x100
kq@rp2-1-0, " [02] + kq@rpe-ry—¢ - [€] +

T3gpp2—+
Type I:
(eq- 2) . .
. [&
%3RB*~" Quenching_e(k,zgpz—-.) = aCRE>)-e x100
kq(?‘RBz”)—Dz . [02] + kq(:‘RBZ**)—g -le] + Tarpo—
(eq- 3)
k,3pp2-\_0, * [O
%0, Formation (ky@gg-2+y-0,) = ac =)0, ' [02] x 100
kq(3RBz'*)—02 . [02] + kq(3RBZ—*)—s . [E] + A

Next, quenching of "RB** by molecular oxygen can produce
'O,, which could evolve through two further pathways: intrinsic
decay (eq. 4) or quenching by the ¢-adduct (at the origin of Type II
process, eq. 5). Therefore, considering that "/RB** quenching by O,
only results in 'O, formation, eq. (3), the percentages of these two
routes are given by eqs. (4) and (5):
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(eq. 4)
%0, Intrinsic_decay (kq*0,)
1
k -y_o, ' [O 710,
_ q(3RB?™")-0, [0,] X 710, . X100
kq@rez-9-0, " [02] + kq@rpe-+_e - [€] + Tango— koaoyy-e - el + 710,
Type 1I:
(eq- 3)
%0, Quenching_by_e (kq(*0,) — €)
_ kq@rez—y-0, * [0 —x kqco,-c - [€] X100
kq@rp2-)-0, " [02] + kq@rpz—- - [€] + op— kqaop-¢ - el + 710,

The contributions of the different pathways for edA and edG
photosensitization by RB* are summarized in Table 4. 6.

Table 4. 6. Estimated contributions of the different routes involved in €dA and
€dG photosensitization by RB>.

o/, 3RB2-* 0/, 1
Q intrinsic 9 b g quenching  intrinsic 1 b g
decay Y & by O, decay y
(Eq 1) adducts (Eq 3) (Eq 49 g-adducts
(Eq. 2) (Eq5)
sdA 0.6 3103 99.4 99.3 0.1
edG 0.6 0.08 99.3 98.9 0.5

It is clearly observed that the main deactivation pathway of
"RB** under aerobic conditions consists in quenching by oxygen,
leading mainly to 'O, formation (eq. 3), which accounts for 99.4%
and 99.3% for edA and edG, respectively.

Nevertheless, subsequent quenching of 'O, by the lesions
occurs with relatively low bimolecular rate constants, k,('O,)-€ of
ca. 9.5:10° 3.6-10° M''s” for €dA and &dG, respectively. Thus, at
the lesion concentration of 20 uM, almost all the 'O, decays without
reacting (%', intrinsic decay eq. 4, Table 4. 6). Nevertheless, under
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aerobic conditions, the contribution of a Type II process is higher
than that of the Type I pathway.

This conclusion can be directly drawn for €dG, as it has been
previously established that this lesion is able to react with 'O,,
cleanly generated from thermal degradation of naphthalene-derived
endoperoxides, to regenerate the original dG. ’

However, in the present work, no clear conclusion on the
reactivity between 'O, and the two other g-adducts can be made.
Indeed, no chemical changes have been observed by Di Mascio e#
al.,’ after thermal activation of an endoperoxide. This points toward
a physical, rather than chemical, deactivation of 'O, by edA and
edC, and opens the door to the involvement of Type I reactivity, as
that observed during the anaerobic experiments.

Such process is conceivable in the case of the purine adducts,
for which bimolecular quenching rate constants of "RB** by the
lesions are k,(RB**)-¢ of 3.8:10° and 8.5:10" M''s, for edA and
edG (Table 4. 5), respectively. Conversely, it seems quite unlikely
for €dC as no interaction was observed during the phosphorescence
or transient absorption measurements. Hence, for this lesion, an
alternative mechanism involving other reactive species derived from
RB* excitation might be involved.

To further investigate the Type I route not involving oxygen,
experiments were run under anaerobic conditions using CBP as
photosensitizer. In this case, two main processes might occur: an
electron transfer from the g-adduct to *CBP* or a TTET from the
photosensitizer triplet manifold to the lesion.

Interestingly, in spite of exhibiting similar *CBP* quenching
rate constants ranging from 3.6 to 2.2:10° M''s, the three adducts
display a different reactivity associated with their triplet excited state
energy and reduction potential in the excited state. For eédG, a clear
electron transfer was evidenced by the formation of CBPH" (Figure
4. 18c). Although the reduction potential value for édG has not
been reported, it appears from our experiments that, like the
corresponding canonical nucleobase dG, it might be the most easily
oxidized &-adduct. This assumption is not only based on CBPH"
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detection, but also on the fact that the highest quenching rate
constant for 'RB**, k,CRB**)-g¢ = 8.5-10" M''s”, was determined
for this lesion (Table 4. 5), for which TTET is energetically
disfavored as E(CBP) < E(edG) (Table 4. 2).

In the case of édA, alow amount of CBPH' was formed (Figure
4. 18a). Indeed, the low Er of the lesion opens the door to the
TTET process, and thus, energy and electron transfer might

compete and result in an overall k,CRB**)-g of ca. 2.2:10" M''s™.

Finally, for edC TTET is the most efficient route, CBP ketyl
radical is hardly detectable from the transient absorption spectra
(Figure 4. 18b); and no significant repair is observed by HPLC
(Figure 4. 10).

On the basis of these results, mechanisms could be proposed
for Type I and Type II photosensitization of g-adducts (Figure 4.

21). Electron transfer from €dG to ’RB** could result in the
formation of cation radical I centered on the etheno ring, which
after nucleophilic addition of water and deprotonation yields radical
II. This radical can further react with water to yield glycol
intermediate ITI, or disproportionate and after addition of water can
also give rise to IIL. Then, dG is formed after attack of water and
loss of formic acid. A similar mechanism is proposed for dA
formation from edA. In the case of 'O,-mediated process, its
addition on the €dG double bond of the etheno ring leads, as
proposed by Di Mascio et al. °; to an unstable dioxetane IV that
cleaves to form intermediates III or V. For intermediate III, the
following reaction steps are then similar to those described for Type
I. For intermediate V, compounds VIa or VIb are formed after
attack of water, and loss of formic acid; these intermediates after a
second addition of water and elimination of a second molecule of
formic acid lead to the regenerated base dG.
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Figure 4. 21. Proposed mechanism for Type I and Type II photosensitized
degradation of edG.

4.4. CONCLUSIONS

As a global outcome, the studies run in this Chapter have revealed

the photolability of e-adducts under photosensitization. The use of
photosensitizers acting by Type I and/or Type II mechanisms has
shown that (i) edG is sensitive to both types of processes, (i) edA
is decomposed mainly under an electron transfer mechanism, (iii)
€dC photosensitization might be the result of non-identified
reactive species generated under RB* excitation. Interestingly, the
obtained photoproducts correspond to the repaired nucleosides.
Photosensitization might, thus, be proposed as a new strategy of
photorepair for this type of lesions.
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4.5. EXPERIMETAL SECTION

All the techniques are described in the instrumentation section,
Chapter 6.

4.5.1. Synthesis

i 3’,5’-O-bis(tert-butyldimethylsilyl)-2’-
</N | /)N\H deoxyguanosine (1). Compound 1 was
%_S'i_o NTONTUNH, prepared using guanosine (8 g, 30 mmol),
! W which was dissolved in anhydrous DMF
%—Sli'jo H (100 mL) under N, flow. Then the
reaction mixture was placed in an ice bath
and  fert-butyldimethylsilyl  chloride
(TBDMSCI) (2 equivalents, 9 g, 59.8 mmol) and imidazole (4 g, 59.8
mmol) were added, the reaction was left 10 minutes more with the
ice bath. Then, the mixture was stirred overnight at room
temperature under nitrogen atmosphere. Finally, the reaction was
quenched with 100 mL of water, the precipitate was filtered, washed
with water and dried under vacuum obtaining 1 as a white solid (11.9
g, 80%). 'H NMR (300 MHz, DMSO-d6) & 10.45 (s, 1H), 7.73 (s,
1H), 6.31 (s, 2H), 5.97 (m, 1H), 4.35 (m, 1H), 3.74 — 3.66 (m, 1H),
3.64 — 3.48 (m, 2H), 2.6 — 2.10 (m, 2H), 0.78 — 0.71 (s+s, 18H), -
0.09 (s+s, 12H). ®C NMR (75 MHz, DMSO-d6) & 156.6, 153.6,
150.9, 134.8, 116.6, 86.9, 82.1, 72.1, 62.7, 25.7, 25.6, 17.8, 17.6, -4.8,
-5.0, -5.5, -5.6.

1

3’,5’-0O-bis(tert-butyldimethylsilyl)-

i 1,N*-Etheno-2’-deoxyguanosine  (2).

| ¢ f:'\‘:\> To a solution of 3°5-O-bis(terr-
%—Sli‘o o N' N butyldimethylsilyl)-2’-deoxyguanosine (1)
fa (4 g, 8.1 mmol) in DMF (40 mL) was
ik added K,CO; (1.45 g, 10.5 mmol), and the

mixture was stirred at room temperature
for 10 min. Then, chloroacetaldehyde
solution (50 wt % in H,O, 1.43 ml, 11.3 mmol) was added
dropwise, and the mixture was heated at 35°C under nitrogen.
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Progress of the reaction was monitored using UV spectra. The
reaction was stopped when the same absorption was reached at 272
and 254 nm. After 16 hours, the reaction was quenched with 100
ml of water, the precipitate was filtered, washed with water and
dried under vacuum. The resulting yellow solid was purified by
column chromatography on silica gel (CH,CL:AcEtO, 1:1 to 1:3) to
afford 2 as a white solid (1 g, 25%). 'H NMR (300 MHz,
Chloroform-d) & 8.42 (s, 1H), 7.61 (d,] = 2.5 Hz, 1H), 7.35 (d, ] =
2.5 Hz, 1H), 6.38 (m, 1H), 4.60 (m, 1H), 4.10 (m, 1H), 3.86 — 3.73
(m, 2H), 2.55 (s, 2H), 0.98 — 0.79 (m, 18H), 0.18 — 0.00 (m, 12H).
BC NMR (75 MHz, Chloroform-d) & 150.9, 149, 146.3, 136.1,
116.6, 107.6, 88.7, 84.8, 72.5, 63.2, 41.1, 26.1, 25.9, 18.5, 18.2, -4.4,
-4.6, -5.2, -5.3.

o 1,N*-Etheno-2’-deoxyguanosine (edG).
(Nfl\m \ To a soluton of 3°5-O-bis(tert
o N N/)\N butyldimethylsilyl)-1,N*-etheno-2’-
:o: ' " deoxyguanosine (2) (400 mg, 0.77 mmol) in
Hor i H pytidine (4 mL) with ice cooling was added a
solution of HF/pyridine (70%, 456 mL) in a
plastic tube. The ice bath was withdrawn, and
the mixture was stirred at room temperature for 2 h. The solution
was neutralized with 2 g of NaHCO;, filtered and the solvent was
removed by air stream. The residue was then purified by column
chromatography on silica gel (CH,Cl,:MeOH, 19:1 to 5:1) to afford
edG as a white solid (63.7 mg, 29%). 'H NMR (300 MHz, DMSO-
d6) 5 8.13 (s, 1H), 7.60 (d, ] = 2.7 Hz, 1H), 7.42 (d, ] = 2.7 Hz, 1H),
6.26 (dd, ] = 7.6, 6.0 Hz, 1H), 5.38 — 5.26 (m, 1H), 4.99 (m, 1H),
4.43 —4.32 (m, 1H), 3.84 (m, 1H), 3.55 (m, 2H), 2.67 — 2.54 (m, 1H),
2.32 — 2.19 (m, 1H). ®C NMR (75 MHz, DMSO-d6) & 151.3,
149.9, 145.9, 136.9, 116.6, 115.3, 106.8, 87.6, 82.9, 70.7, 61.6.
HRMS (ESI): calc for C;;H;3NsO, [M+H]™ 292.0968, found
292.1041.

edG
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5.1. INTRODUCTION

The burden of cancer incidence and mortality is rapidly
growing worldwide. The International Agency for Research on
Cancer (IARC) estimated 19.3 million new cases and 10 million
cancer deaths in 2020. ' Therefore, researchers are devoting endless
efforts to develop effective therapies for this disease. Conventional
cancer treatments mainly include surgery, chemotherapy and
radiotherapy; but, new alternatives are constantly coming to light
offering safer, more effective and more affordable solutions. In this
context, photodynamic therapy (PDT) combining the action of a
photosensitizing drug, light and molecular oxygen is gaining ground
%3 and is now used in the treatment of several cancers, such as skin
cancer, head and neck cancers, superficial bladder cancer,
esophagus, lung etc. Indeed, PDT provides numerous advantages
as (7) it is a non-invasive, or minimally invasive treatment, (7) it has
no long-term side effects, (7)) it is most often an outpatient
procedure, (7) it affords a precise targeting of the treated area, (») it
produces little or no scarring after the site heals. *

Moreover, PDT has a wider application scope than cancer
therapy and encompasses treatment of skin conditions such as
psoriasis or the inactivation of microbial organism, also known as
photodynamic inactivation (PDI).

In recent years, nanotechnology-based PDT has allowed
achieving great progresses by offering solutions to the challenging
issues of drug administration (drug hydrophobicity, poor stability,
low cell or tissue specificity) that limit their clinical applications.
Functionalization of nanoparticles by the drug/photosensitizer
(Phs) has been shown to improve their targeting, specificity, and
efficacy for tumors. >>>* A large number of nanoparticle types have
been reported, they include polymeric nanocarriers, micelles,
nanotubes, dendrimers, magnetic nanoparticles, silica-based
nanomaterials, core-shell nanoparticles, solid lipid nanoparticles,
quantum dots (QDs) and so on. >’

Core-shell structured nanoparticles are of interest because they
integrate the functionalities of individual components (drug,
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hydrophilic and/or targeting ligand, etc.) ® into one structure and
exhibit improved physical and chemical properties that differs from
their single components. The shell is generally composed of silica
oxide (SiO,), which is widely used in bioapplications * due to its low
cytotoxicity, good biodegradability and easy derivatization of its
surface. This latter confers to these NPs multiple utilities
encompassing targeted distribution through functionalization with
antibodies ¢, sensing '’ or controlled release of drugs. "

For the core component, metal-derived nanoparticles,
especially gold and silver NPs, have attracted the attention due to
their strong interaction with light, which generates localized surface
plasmon resonance (LSPR). "

Indeed, under irradiation the conduction electrons of noble-
metal nanoparticles can be driven by the incident electric field in
collective oscillations known as LSPR (Figure 5. 1). This produces
a net charge difference at the nanoparticle boundaries, which leads
to the generation of strong electromagnetic fields at the metal
surface at the origin of a wide variety of optical phenomena. "

Silver NP

ELECTRIC FIELD

Electron cloud

Figure 5. 1. Graphical representation of the localized surface plasmon
resonance (LSPR) effect on silver nanospheres upon irradiation at their
resonant wavelength.

Depending on their composition, morphology and size, the
nanoparticles resonate at different wavelengths. Under irradiation
at those specific wavelengths, the noble-metal NPs can
absorbed/scattered a fraction of the incoming electromagnetic
wave, which is spread in the far field, but it also locally enhances the
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electric field in the near field at the NP surface. > This latter is
effective within tens of nanometers from the NP’s surface.

The combined near and far field effects of the metal NPs, also
called nanoantennas, have led to their application in numerous
fields, such as surface enhanced fluorescence (SEF), Forster
resonance energy transfer, surface-enhanced Raman scattering
(SERS) spectroscopy, plasmonic solar cells, sensing, nanomedicine,
to name a few. *

Among the amplified effects produced by metal NPs, the
possibility of enhancing singlet oxygen ('O,) formation has been a
driving force for improving applications involving this ROS. The
changes in 'O, production depend on several parameters, including
the metal NP shape, size, and composition, together with the
Phs—metal separation distance and spectral overlap. % In this
context, it has been recently demonstrated that 'O, enhancement
depends on both the near- and far-field properties of the NPs. "
The former interactions can modulate the Phs photophysical
properties by increasing its absorption, intersystem crossing yield,
and energy transfer to molecular oxygen, whereas the re-emitted
photons in the far field by scattering effects can boost the quantity
of photons available for the Phs to absorb. "> Concerning the Phs-
metal separation, it has been shown that the perfect shell thickness
is typically of ca. 10-20 nm ' and, an optimal enhancement factor,
EF,, for 'O, formation was determined for Ag, Au and their 1:1
alloy NP coated with 10 nm thickness shell. "'

Plasmonic NPs functionalized with 'O, Phs have been
proposed to increase the therapeutic efficiency of PDT. '®"
However, up to now no reports exist on their use to prevent cancer
appearance by repairing the DNA sequence. In this Chapter, Rose
Bengal-decorated silica coated metal nanoparticle (Figure 5. 2) are
considered to boost the photosensitizing activity of the dye
described in Chapter 4, with the final aim of achieving an efficient
photorepair of the etheno adducts.
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3
%

Figure 5. 2. a) SiO» NP functionalize with Rose Bengal (SiO,-RB) and b)
Ag@SiO»-RB NP, blue core of Ag and SiO; shell in gray, couple with RB.

%

5.2. RESULTS AND DISCUSSION
5.2.1. Nanoparticle characterization
5.2.1.1. SiO,-RB

Silica nanoparticles (51O, NP) with the same shape and similar
size that those of plasmonic NPs were used as a reference rather
than the free RB* in solution (Figure 5.2a). This way, the SiO, NP’s
geometry provides the same chemical environment for the Phs and
background scattering as in the corresponding Ag@SiO,-RB NPs.
In addition, it has been previously reported that RB conjugated to
SiO, NPs does not exhibit the same 'O, quantum yield as the dye
free in solution, and a decrease of 20% was indeed determined with

a Oa value of ca. 0.6. %

The SiO, NP were obtained following the Stéber protocol
using tetraethyl orthosilicate (TEOS) and ammonium hydroxide
solution (NH4OH). Spherical SiO, NPs with a diameter of 11518
nm were obtained, as evaluated from the Transmission Electron
Microscopy (TEM) images (Figure 5. 3). NPs were further aminated
with  (3-aminopropyl)triethoxysilane ~ (APTES)  prior  to
functionalization with RB* through the formation of an amide bond
formed  via carbodiimide chemistry ~ using  N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC).
The detailed procedures are given in the experimental section of this
chapter.
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1pm r, T 00 nm

Figue 5. 3. TEM images of SiO, NP at different magnitude and spot. Inset:
Size distribution histogram.

N/

Throughout the synthesis, the size and surface charge (Zeta-
potential, Cp) of the NPs were recorded using dynamic light
scattering technology (DLS, Figure 5. 4) to confirm the surface
modification at the different steps, z. amination (SiO,-NH,) and
conjugation (SiO,-RB).

Sio2 Si02-NH2 SiO2-RB

Figure 5. 4. NP Zecta-potential at the different steps of the synthesis in H>O at
pH 5 and pH 3 for SiO»-RB.

In water, a Cp value of -42.9 mV was determined for a disperse
solution of SiO, NPs, this negative values is due to the presence of
the silanol groups on the NP surface. *' It becomes less negative
(Ep= -2.2 mV) after the amination step because of the presence of
protonated amino groups at pH 5. Finally, after the last step of RB*
conjugation, Cp of Ag@SiO,-RB is positive at pH 3 where the dye
is in its semi-protonate structure (pK,~ 3.7). * The final
hydrodynamic size of the NPs was of . 390 nm.

The amount of RB? attached onto SiO, NP surface was
calculated by subtracting the concentration of the unreacted RB*
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left in each supernatant after centrifugation during the washing step
to the initial one added in the conjugation step (see experimental
section). Finally, the RB* concentration was determined to be a.
0.12 mM. Moreover, inductively coupled plasma mass spectrometry
(ICP-MS) analysis of the same sample allows determining a
concentration of 6 mM for SiO,. Therefore, the suspended SiO»-
RB NP solution contained 0.12 mM of RB* anchored to 6 mM of
SiO; (ie. 0.02 mM for 1 mM SiO,).

——Sio,
—— Si0,-RB

g
[=]
L

o
©

— SiO,RB

o
o

Nomalized extintion

e

- 0,0 T T T T T T 1
b 4 250 300 350 400 450 500 550 600

Wavelenght (nm)

Figure 5. 5. Left: Picture of SiO,-RB suspensions in water. Right: normalized
UV-Vis spectra of SiO2 NP and RB?> conjugated SiO2 NP.

After functionalization with RB*, the nanoparticle suspension
becomes pink (Figure 5. 5 left). This colour change is in accordance
with the absorption spectrum, which shows the NP scattering along
with the expected RB* absorption signature centred around 550 nm
(Figure 5. 5 right, red trace).

5.2.1.2. Ag@SiO,-RB

Next, silver core nanoparticles covered with silica (Ag@SiO,
NP) were synthesized following the protocol described in the
experimental section. Briefly, in a first step, Ag NPs were obtained
by a seeded growth approach using gold (Au) seeds leading to
spherically and crystalline Ag NP with 4716 nm size (Figure 5. 6).
In addition, the typical narrow plasmon band with an extinction
maximum at 420 nm was observed by UV-Vis spectrophotometry
(Figure 5. 9, black line). These nanoparticles were coated with a 14
nm-thick layer of SiO, following the Stober protocol as used for the
SiO, NP synthesis. The size of the layer was selected on the basis
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of previous works, '* which established that 10-20 nm is the
optimum shell distance between the metallic core and the Phs to
maximize the plasmon-enhanced 0, production.

The thickness of the shell (14 nm) was confirmed by TEM
(Figure 5. 7). The obtained images gave also access to the volume
distribution between Ag and SiO,, being 46% of the total NP size
formed by Ag while the remaining 54% correspond to the SiO,
shell.

i - /
2 40 )
Diameter (nm) .! , 7 PP

hi.f 03

Figure 5. 6. TEM i images of Ag NP at d1fferent magnitude and spot. Inset: Size
distribution histogram.

Flgure 5 7. TEM 1mages of Ag@S10z NP at different magnitude and spot.
Inset: Size distribution histogram.

In terms of dynamic diffusion, the hydrodynamic size of the
Ag and Ag@SiO, NP were of ca. 133 and 380 nm, respectively. It
is worth mentioning that both NPs, SiO, and Ag@SiO,, have a
similar hydrodynamic size. This is an important point as this
parameter is related to how NPs interact between each other and to
their diffusion in the media.
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Figure 5. 8. NP Zeta-potential at the different steps of the Ag@SiO»-RB
synthesis in H>O at pH 5.

As in the case of SiO, NPs, Zeta-potential was used to confirm
the different surface modifications (Figure 5. 8). The surface of Ag
NPs is negatively charged, this feature remains after SiO, coating
and result in negative Cp values. Then, a positive value of 8.1 mV is
measured after the amination step due to the protonated amino
groups. Finally, after RB* conjugation, the negative Cp of . 32.0
mV is associated with the presence of the dye under its
deprotonated form at pH 5. The large Alp between these steps
indicates a high functionalization of the NH, groups, and
consequently a high concentration of RB* on the NP shell. This is
also evidenced by UV-Vis absorption (Figure 5. 9, blue line) where
the RB* band at ca. 555 nm is higher in intensity than the metal NP
band at 420 nm.

—Ag
164 —— Ag@sio,
—— Ag@SiO,-RB

—Ag@SiO, — Ag@SiO,RB

Excintion

00

1 T T T T T T 1
300 350 400 450 500 550 600 650 700
Wavelenght (nm)

Figure 5. 9. Left: picture of Ag@SiO; (red line) Ag@SiO2-RB (blue line)
suspensions in water. Rzgh#: UV-Vis spectra of the different synthesis stages of
Ag@SiO; NP and RB? conjugated to the Ag@SiO, NP.
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The dye quantity attached onto Ag@SiO, surface was
determined as described in the expetimental section, a high RB*
amount of ca. 2.5 mM in 1 mM of SiO, shell was calculated.
Moreover, a concentration ratio 3:1 (Ag:SiO,) was obtained for the
core@shell NPs by ICP-MS analysis. Therefore, the concentration
of RB* attached onto Ag@SiO, NPs surface is two orders of
magnitude higher than that linked to SiO, NP. The steady-state
photolysis experiments were performed diluting the Ag@SiO,-RB
suspension until reaching the same RB* concentration than that of
the SiO,-RB NPs, without taking into account the final number of
nanoparticles.

5.2.2. Steady-state photolysis

The previous chapter reported on the RB> induced
photolability of etheno adducts through Type I and Type II
processes. But interestingly, the photoreaction is not deleterious but
leads to a repair process of the lesion restoring the original
nucleobases. Thus, steady-state photolysis studies using Rose
Bengal supported on metal NPs were carried out to study €-adduct
repair and evaluate the effect of plasmon resonance. The
enhancement of excited state RB* population and the subsequent
'O, production were evaluated by comparison with the results
obtained using non plasmonic SiO,-RB. For this purpose, both
degassed and aerated irradiations were performed following the
same methodology than that described in the Chapter 4.

5.2.2.1. SiO,-RB nanoparticles

First, irradiations using SiO,-RB NPs were run as reference
experiments to quantify the g-adducts photorepair by RB*
supported on non plasmonic NPs.

The same conditions as those used in solution (see Chapter 4)
were applied. The SiO,-RB NPs were suspended in deuterated water
to reach a final RB* concentration of 10 uM and a 2:1 ratio between
the lesion and RB* was used (e-adduct concentration of 20 puM).
The solutions were irradiated under white light, A... between 350
and 700 nm, using a Luzchem photoreactor equipped with eight
fluorescent tubes of (FSL-T5 8W/765).Finally, samples were taken
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at different irradiation times and analyzed by HPLC coupled to a
UV-Vis detector to follow the photoreaction kinetics.
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Figure 5. 10. Left, HPLC chromatograms registered at 260 nm for an aerated
solution in DO of 20 pM g-adduct and SiO2-RB NP containing 10 uM RB
after different irradiation times. Right, variation of the concentration of
damaged (square) and repaired nucleoside (circle) as a function of the irradiation
time. a)edA, b)edC and c)edG, inset: chromatogram at short retention times
after 60 min of irradiation.
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As described in the previous chapter, the g-adducts and their
corresponding nucleobases were assigned and quantified using
authentic samples. Retention times are tg= 6.0 min for edA, tg=06.2
min for edC, =15 min for edG, tz= 5.6 min for dA and dG, and
tg= 4.0 min for dC. As shown in Figure 5. 10 and Figure 5. 71, during
irradiation the g-adduct peaks are decreasing concomitantly with the
appearance of a new peak, which has the same elution time than
that of the original nucleobase.

Steady-state photolysis experiments under aerobic conditions
reveal the occurrence of a clean photoprocess for edC and edA, as
shown in the chromatograms of Figure 5. 10. Only one
photoproduct, absorbing at the monitoring wavelength A=260 nm,
was detected and it corresponds the repaired nucleobase. However,
for edG several peaks appeared before 5 min together with an
intermediate at 9.2 min. Peak at tg 2.5 min comes from the dG
oxidation and intermediate at tg 9.2 min can correspond to a

possible intermediate of €dG photodegradation as explained in
Chapter 4.

The repair efficiency differs depending on the é€-adduct.
Indeed, it reaches a 42% yield after two hours of irradiation in the
case of edA, whereas 76% were obtained for édC (Table 5. 1). For
edG, only 4% of the repaired dG is quantified after 5 min, but then
the yield starts to decrease. This fast kinetics followed by the
disappearance of the repaired nucleobase can be interpreted in
terms of the high reactivity toward ROS of dG as already mentioned
in Chapter 4.

A similar trend is observed in the case of anaerobic photolysis
(Figure 5. 11), reaching repair yields of 45% and 60% for edA and
edC, respectively (Table 5. 1).
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Figure 5. 11. Left, HPLC chromatograms registered at 260 nm for a degassed
solution in D2O of 20 uM g-adducts and SiO2-RB NP suspension containing 10
UM RB after different irradiation times. Right, variation of the concentration of
damaged (square) and repaired nucleoside (circle) with irradiation time. a) edA,

b) €dC and c) €dG, inset: chromatogram at short retention times after 60 min of
irradiation.

146



Il
- 6 Chapter 5

Table 5. 1. Yields of the nucleoside formation for anaerobic and aerobic
photolysis of the g-adducts irradiated in presence of both types of NP.

AEROBIC ANAEROBIC

SiO-RB  Ag@SiO,-RB | SiO,-RB  Ag@SiO,-RB
edA® 42% 40% 45% 50%
edC? 76% 88% 60% 92%
edGP 4% 5% 4% 5%

2 2h of irradiation.
b 5 min of irradiation.

5.2.2.1. Ag@SiO,-RB nanoparticles

Next, the photolysis experiments were carried out with
Ag@SiO, nanopatticles. First, control experiments were performed
under aerobic conditions by irradiating the lesion in presence of
Ag@SiO, NP (Figure 5. 12) to discard the role of non
functionalized NPs as photosensitizers. The NP solution was
prepared to be isoabsorptive with that containing RB* with an OD
of ca. 0.4 at its maximum (ie. 420 nm) as set for the photolysis
studies.
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Figure 5. 12. HPLC chromatograms registered at 260 nm obtained after 0 and
120 min of white light irradiation of a solution of 20 uM of etheno adduct and
Ag@SiO with an ODj(Ag@SiO2NP)=0.4 in deuterated watet .

No changes in the peak area were observed by HPLC showing
that the etheno adducts are stable when irradiated with white light
in the presence of the naked NPs (Figure 5. 12). Contrarily, steady-
state photolysis of the g-adducts in the presence of Ag@SiO,-RB
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NPs showed the consumption of the lesions under both anaerobic
and aerobic conditions (Figure 5. 13Figure 5. 14).
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Figure 5. 13. Left, HPLC chromatograms registered at 260 nm for an aerated
solution in in D20 of 20 pM e-adduct in presence of Ag@SiO2-RB NP
suspension containing 10 pM RB at different irradiation times. Right, variation
of the concentration of damaged (square) and repaired nucleoside (circle) as a

function of the irradiation time. a)edA, b)edC and ¢)edG, inset: chromatogram
at short retention times after 120 min of irradiation.

Similar trends as for SiO,-RB experiments were observed after
HPLC analysis giving rise to the formation of the same
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photoproducts. Interestingly, kinetics for formation of the repaired
nucleobases are faster for these metallic nanoparticles than in the
case SiO,-RB NPs, and higher yields were also obtained in the case
of edC.
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Figure 5. 14. Left, HPLC chromatograms registered at 260 nm for a degassed
solution in DO of 20 uM g-adducts in presence of a Ag@SiO,-RB NP
suspension that contains 10 uM RB at irradiation different times. Right,

variation of the concentration of damaged (square) and repaired nucleoside
(circle) with irradiation time. a) €édA, b) édC and c¢) €dG, inset: chromatogram at
short retention times after 120 min of irradiation.
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Under aerobic conditions, recovery of the nucleosides appears
to occur in similar, somewhat lower, yields than in anaerobiosis:
after 2h of irradiation yields of 40% for dA and 88% for dC were
determined (Figure 5. 13ab), while in degassed solutions the
repaired nucleosides are formed in a 50% for dA and 92% for dC
(Figure 5. 14a,b , Table 5. 1).

As already observed, édG is the g-adducts that is decomposed
the fastest but leads to low yields of dG, being of only 4% after 10
min in presence of air and after 5 min under deaerated conditions
(Figure 5.13c and 5.14¢). Indeed, the high reactivity of this purine
base toward oxidation, both through Type I or Type II processes,
opens the door to secondary reactions.

5.3. CONCLUSIONS

In this chapter, two types of nanoparticles have been
synthesized and compared to evaluate the plasmonic effect on the

g-adduct repair. For this purpose, metal core@shell NPs of
Ag@SiO, were considered. A thickness of ca. 14 nm between the
metal core and the shell surface decorated with the Phs was
achieved to get an optimal plasmon-enhanced effect as previously
reported in the literature. Successful Rose Bengal loading was
accomplished onto the surface of both NPs, obtaining a high
coupling yield for Ag@SiO, NPs.

Steady-state photolysis studies undergone with SiO,-RB and
Ag@SiO,-RB NPs as photoactive materials revealed higher final
yields of the original base recovery in the case of €dC for the
plasmonic NPs. Interestingly, as observed in Chapter 4, the reaction
tends to be more effective under anaerobic conditions pointing
towards the involvement of other reactive species than singlet
oxygen.

Up to now, only the bipirymidine DNA lesions, ie. the
cyclobutane pyrimidine dimers and the 6-4PPs, are known to be
photochemically repaired by photolyases. In this study, we show
that photosensitization of other damages belonging to the e-adduct
family also yields to the recovery of the original nucleobase. These
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results can pave the way to the design of artificial enzymes, new
(photo)nanozymes, mimicking the AlkB activity. For this purpose,
the next step is to evaluate the repair process in more complex
systems such as short oligonucleotides containing the etheno lesion
to evaluate the ability of Ag@SiO,-RB NP to regenerate the original
sequence and its interaction with the canonical bases.

5.4. EXPERIMENTAL

5.4.1. Synthesis SiO,-RB NPs
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Silica nanoparticles functionalized with the photosensitizer
Rose Bengal (SiO,-RB) were synthesized as a reference nanoparticle
for the plasmon-enhancement studies allowing comparison of their
repair ability with that of the metal NPs.

First, 115 nm SiO, nanoparticles were synthesized using the
Stéber protocol. >+ Briefly, 40 mL of absolute ethanol were poured
in a round-bottom flask under stirring. Then, 1.6 mL from a
solution of 0.18 M tetraethyl orthosilicate (TEOS) and 3 mL of
NH,OH (30% w/v) were added to the flask and stitred overnight.
Si0, NPs were centrifuged (5000 rpm, 30 min) and resuspended in
EtOH 3 times before being stored at 4 °C.

Finally, to get the desired repair system SiO,-RB NPs were
aminated and conjugated with RB* proceeding as described in
sections 5.4.3 and 5.4.4.

5.4.2. Synthesis Ag@SiO,-RB
5.4.2.1. Synthesis of gold seeds

The synthesis of Ag NPs was performed using the seeded
growth protocol synthesis of spherical silver nanoparticles. "
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First, Au seeds are used as a nucleation core for the silver
nanoparticles (Ag NPs). The seeds were synthesized by adding 10
pL of 0.25M solution HAuCl, to a glass vial containing 10 mL of
PVP-10,000 (2.5% wt in H,O). Then, 600 pL. of NaBH, from a 0.1
M aqueous solution was added very quickly. After stirring for 15
min, the solution color changed from dark orange to dark red.
Finally, the seeds were kept at 4 °C for 18h before use.

5.4.2.2. Synthesis of Ag NPs

Once the Au seeds were ready to use the Ag NPs growth
solution was prepared. First, 40 mL of PVP-10,000 (2.5% wt/wt in
H,0), 10 mL of acetonitrile, 2 mL of a 0.1 M ascorbic acid aqueous
solution and 1.2 mL of a 0.1 M AgNOj aqueous solution are mixed
in a round-bottom flask at room temperature and stirred at 700 rpm.
Then, 6 puL. of Au seeds were added to the growth solution. The
reaction was left at room temperature and stirred for 15 min. The
Ag NPs were purified by centrifugation (three cycles of 1h, 5000
rpm) and dispersed in 50 mL of H,O.

5.4.2.3. Silica coating of silver nanoparticles

Stéber protocol was also used for the silica-coating of the Ag
NPs. 25 mL of purified Ag NPs (OD,,,x = 0.5) were poured into an
erlenmeyer with 100 mL of absolute ethanol and stirred at 700 rpm.
Then, 2 mL. of NH,OH (30% w/v) wete added, and immediately,
the addition of 10 mL freshly prepared TEOS solution (33.5 pL
TEOS in 15 mL ethanol) was started by using a syringe pump (Cole-
Parmer 74900-00 series) working at an addition rate of 3 mL/hour.
When the TEOS addition ended, the reaction mixture was stirred at
room temperature for 2 hours.

Finally, the NPs were purified by three cycles of centrifugation
(60 min, 4000 rpm). The supernatants were discarded, and the
Ag@SiO, NPs pellet was dispersed in 25 mL of ethanol and stored
at 4 °C until further use.
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5.4.3. Amination step

In both types of nanoparticles, SiO, and Ag@SiO,, (3-
aminopropyl)triethoxysilane (APTES) was used as a linker between
the NP and the photosensitizer. 300puL of APTES and 60 pL of
NH,OH were added to a suspension of 10 mL of NP with an
OD44=0.5 in a crystal vial, and the reaction mixture was stirred at
room temperature overnight.

The next day, the reaction was centrifuged four times (30 min,
5000 tpm), first with ethanol, next, two times with H,O and finally
with MES buffer (pH 6). After the purification, the NPs were used
straightaway in the next step.

5.4.4. RB* conjugation step

Finally, the RB®> was conjugated using a catbodiimide
crosslinker, N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC), adapting the synthesis from previous works.
17

First, 48 mg of EDC and 102 mg of RB* were dissolved in 6
mL of MES buffer (pH 6) in a crystal vial protected from light with
an aluminum foil and stirred for 1 h. During this time, the NPs were
centrifuged to remove the supernatant, leaving the pellets in the
tube.

After 1h, the EDC/RB* mixture was poured into the falcon
tube containing the NPs pellet, which were resuspended. Then, the
reaction, protected from the light, was stirred for 24 h at room
temperature. For the first 3 hours, the falcon tube was sonicated
every 30 min to ensure a good dispersion of the NPs.

To finish, the RB-conjugated nanoparticles (NPs-RB) were
collected by centrifugation (30 min, 5000 rpm) and washed; two
times with H,O, then five times with EtOH and finally two more
times with H,O.

The UV-visible spectrum of each supernatant was recorded
between each centrifugation to determine the final amount of
unconjugated RB*. The NPs-RB pellets were finally stored in the
dark at 4 °C in deuterated water (D,O).
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5.4.5. Determination of the conjugated RB* concentration

The concentration of RB* bound onto the NPs surface was
obtained through the difference between the sum of the RB*
quantities determined from UV-visible spectrum of each
supernatant and the initiall RB* amount (0.1 mmol). The
concentration of RB” in the supernatants was quantified using the
Beer-Lambert law measuring the absorbance at the maximum
absorption wavelength of RB* (550 nm and 557 nm in H,O and
EtOH, respectively) and using the molar absorption coefficient

855()(H20>: 95000 M’lcm’l and 8557(EtOH): 104700 M’lcm’l. %

|— Supernatant 1| 0,20 [—— Supernatant 1|
0,204 —— Supernatnat 2 —— Supernatant 2|
|—— Supemnatant 3| [—— Supernatant 3|

0,054 / 0,054

0,00 T T T T T T T 7 0,00 T T T T T T T ]
500 510 520 530 540 550 560 570 580 500 510 520 530 540 550 560 570 580

Wavelength (nm) Wavelength (nm)

Absorbance
Absorbance

Figure 5. 15. UV-Vis spectra of some supernatants for SiO; NP (left) and
Ag@SiO; NP (right) during the centrifugation steps.

Table 5. 2. RB? conjugated and removed quantities obtained through
centrifugation washes.

RBZ, RBZ [RBZ]np
(mmol) removed mM
(mmol)
SiO,-RB | 0.1 0.0992 0.12
Ag@SiO,-RB | 0.1 0.0375 2.5

RB?j, is the number of moles of RB added in the conjugation step.

RB? removed, is the total number of moles in the supernatant after washing.
[RB%|xp, is the concentration of RB (in molarity) in the solution of nanoparticles
after extract the RB% removed to the RB2;.
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6.1. ABSORPTION MEASUREMENTS
6.1.1. UV-Vis spectroscopy

All UV-Vis absorption spectra were registered with a single
beam Varian Cary 60 spectrophotometer, using quartz cells of 1cm
optical path length.

6.1.2.  Dynamic Light Scattering

All the hydrodynamic diameter and Z potential measurements
were performed in a Zetasizer Nano ZS spectrophotometer
(Malvern Panalytical) equipped with a 632 nm HeNe laser as a light
source operating at a 173 degree detector angle. Quartz cells were
used for the size measurements and plastic disposable folded
capillary cells with two electrodes for the Z-potential measurements.
The nanoparticle dispersions were diluted with water.
Measurements were made by three for all the samples.

6.2. EMISSION MEASUREMENTS

0.2.1.  Fluorescence spectroscopy

€dA steady-state fluorescence measurements in Chapter 4 were
performed using a fluorimeter Photon Technology International
(PTI), LPS-220B model, equipped with a Xenon lamp of 75 W and
a monochromator that covers a range from 200 to 700 nm.
Measurements were registered after having adjusted the compound
absorbance between 0.03 and 0.1 at the excitation wavelength.

€dC fluorescence spectrum was recorded with Spectra were
measured upon 267 nm excitation with a Fluorolog-3 (Hortiba,
Jobin-Yvon) fluorimeter. Solutions with an absorbance of 0.1 at the
excitation wavelength were prepared. As the emissions of the neat
buffered solutions were not negligible compared to that of €dC,
they were recorded separately and subtracted from the spectra of
the sample to remove their contribution. Moreover, the recorded
spectra were corrected for the response of the detection system.
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0.2.2. Phosphorescence spectroscopy

Phosphorescence spectra of etheno adducts and &dG
fluorescence spectrum in Chapter 4 were recorded using an
Edinburgh Spectrometer FLS1000, equipped with a 60 W Flash
Xenon lamp and a double grating Czerny-Turner monochromators
with 2 x 325 mm focal length in detection. Finally, the instrument
is equipped with a PMT-980 detector in a cooled housing which
covers a range from 200 nm — 980 nm.

All solutions were prepared in ethanol, adjusting their
absorbance at ca. 0.8 at the excitation wavelength (with a cuvette of
1 cm optical pathway), then measurements were performed in a
quartz tube (0.5 mm diameter) at 77 K. The signal was acquired with
a delay time of 0.3 ms and a gate time of 1 ms.

In Chapter 4, Rose Bengal (RB*) phosphorescence was
recorded at room temperature using a customized setup having a
diode-pumped Nd:YAG laser as a light source (FIT'SS355-QQ3 model
from CrylLas, Germany) which was tuned to its second harmonic
(532 nm). Detection system consists in a monochromator (CM110)
from Spectral Product and a PMT from Hamamatsu (H11526-110-
NN detection range 230 nm-700 nm); the PMT output is sent to a
multi-channel scaler (TimeHarp 260-Nano, PicoQuant). All
solutions were prepared in D,O, adjusting their absorbance at ca.
0.5 at the excitation wavelength (with a cuvette of 1 cm optical
pathway).

6.2.3. Direct detection of singlet oxygen luminescence

Time-resolved near-infrared (TRNIR) phosphorescence
detection of 'O, at 1270 nm was catried-out using a customized
setup. A diode-pumped Nd:YAG laser (FTSS355-Q3, Crylas,
Germany), tuned to its second harmonic (532 nm) and working at a
repetition rate of 1 kHz, was used as an excitation source for RB*.
The kinetic traces were collected by isolating the 1270 nm intrinsic
phosphorescence of 'O, using a monochromator (Digikrém
CM110 1/8 m, Spectral Products, Putnam, CT) equipped with a
1150 nm cut-on long-pass filter (FEL1150, ThorLabs, Newton,
NJ) and a 1064 nm notch filter (NF1064-44, ThorLabs) mounted
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side by side at its entry port and directed to a TE-cooled
photomultiplier tube (PMT, H10330A-45, Hamamatsu, Japan),
which is working at -908 V and is operated in the photon-
counting mode.

After amplification by a 1.1 GHz preamplifier module (PAM-
102-T, PicoQuant GmbH, Germany), the output of the PMT was
sent to a multi-channel scaler (TimeHarp 260-Nano, PicoQuant).
The signals were collected in D,O for 300 s with 256 ns resolution.
The kinetic traces were least-square fitted to equation S1 using
Prism 7.0 (GraphPad Software Inc., La Jolla, CA) with ta, Tr, and
Sy as free parameters. The quality of the fittings was assessed by
the residual plots.

S) =S, : A (exp (T—:) — exp (:—;)) (Equation S1)

TA—TT)

Where S(t) is the signal intensity at a time t, Ta is the 'O lifetime
and Tr is the photosensitizer’s triplet state lifetime. Sy is defined as
the concentration of 'O, being produced in a given system.

6.3. STEADY-STATE PHOTOLYSIS

Irradiation of the samples containing Rose Bengal were
performed under anaerobic and aerobic conditions in Pyrex vials
using a Luzchem photoreactor (model LZV-4V) with 8 FLS T5
8W840/CW fluorescent lamps (emission range 350-700nm).

Meanwhile steady-state photolysis of samples containing 4-
carboxybenzophenone were irradiated under N, in quartz cells
using a Luzchem photoreactor (model LZV-4V) with 8 Sankyo
Denki G8T5E fluorescent lamps (emission range 280-360nm).

6.4. LASER FLASH PHOTOLYSIS

Laser Flash Photolysis experiments were performed by exciting
at 355 and 532 nm, using the 3™and 2" harmonic, respectively, of a
pulsed laser Nd:YAG (1.52137V LOTIS TII) with a pulse duration
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of ca. 10 ns. The full system comprises a pulsed laser, a Xenon lamp
(Lo 255 Oriel), a monochromator (Oriel 77200), a photomultiplier
(Ortiel 70705) and an oscilloscope (TDS-640A Tektronic). The
output signal from the oscilloscope was transferred to a personal
computer.

All experiments were performed in a quartz cell of 1 cm optical
path length. Compounds concentration was adjusted in order to
have an absorbance of ca. 0.3 at the excitation wavelength.

Before running the measurements under anaerobic conditions,
solutions were flushed with N, for 15 min. Laser energies ranging
from 20 to 35 m] per pulse were used.

6.5. ULTRAFAST FLUORESCENCE SPECTROSCOPY
VIA UPCONVERSION

A detailed description of the femtosecond fluorescence
upconversion equipment has been given earlier. ' Briefly, the 267
nm excitation was generated as a third harmonic of a femtosecond
mode-locked Ti-sapphire laser (Coherent MIRA 900). The average
excitation power was set at 50 mW. Sample (absorbance of ca. 0.5
at 267 nm) was circulated in a flow system with an optic path of 1
mm in order to avoid degradation.

The fluorescence from the cell was collected and focused into
a 1 mm BBO type I crystal using two off-axes parabolic mirrors. It
was further passed through a cutoff filter (WG305 or WG320) in
order to eliminate the weak remaining UV excitation light.

After the mixing of the fluorescence and the IR gating pulse in
the NL crystal, the generated sum-frequency light was focused on
the entrance slit of a double monochromator equipped with a
photomultiplier (Hamamatsu 1527P) connected to a photon
counter (Stanford SR400).
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6.6. NUCLEAR MAGNETIC RESONANCE

For all the synthesized compounds, one-dimension 'H and °C
NMR spectra were done with a 300 MHz Varian Bruker instrument,
using DMSO-ds and CDCl; as solvents. The corresponding solvent

signals were taken as the reference (chemical shift of & of ca 2.50
ppm and 7.26 ppm tespectively for 'H NMR, and 39.52 and 77.16
ppm for "C NMR). Coupling constants (J) are given in hertz (Hz).

6.7. HPLC ANALYSES

All irradiation mixtures were analyzed on an Agilent 1100
Series HPLC set-up equipped with a UV detector covering a
detection range from 200 to 400 nm. Analyses were performed
using a Zorbax Eclipse Plus C18 (100 x 4.6 mm, 3.5 pm) column,
under isocratic conditions with a mobile phase of 5% acetonitrile
(ACN) and 95% H,O acidified with trifluoroacetic acid (TFA) at
pH ca. 3 and a flow rate set at 0.4 mL/min.

The yields of photorepair and concentration of repaired and
damage nucleosides were determined from calibration curves using
pure compounds.

In Chapter 5, centrifugation (8000 rpm, 10 min) of the samples
were done to separate the supernatant containing the nucleoside
from the nanoparticle before injection.

6.8. UPLC-HRMS ANALYSIS

A QTof spectrometer coupled with a liquid chromatography
system, with a conditional autosampler at 10°C, was used to
determine the exact mass values. The separation was carried out on
an UPLC with a Zorbax Eclipse Plus C18 (100 x 4.6 mm, 3.5 pum)
column. The ESI source was operated in positive or negative
ionization mode with the capillary voltage at 1.9 kV or 2.4 kV,
respectively. The source’s temperature was set at 80°C (positive
mode) and 400°C (negative mode), and the cone and desolvation
gas flows were 20 and 800 L. h™', respectively. All data were collected
in centroid mode, and Leucine-enkephalin was used as the lock
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mass generating and [M+H]" ion (7/3556.2771) or [M-H] ion (/3
554.2615) at a concentration of 250 pg/mL and flow rate of 50 pL
min”' to ensure accuracy during the MS analysis.

6.9. TRANSMISION ELECTRON MICROSCOPY
(TEM)

Nanoparticle image characterization were done using a JEM-
1400 Flash TEM of 120kV (Jeol, Nieuw-Vennep, Tokyo). The
electron source of this microscope is a L.aB crystal with a Matataki
Flash sCMOS bottom-mounted camera. The entire system provides
a resolution up to 0.2 nm mapping structures.

Carbon film supported grid from cupper or nickel has been
used for the different measurements. A drop from a suspension of
the material was left to dryness on the top of grid.

6.10. INDUCTIVELY COUPLED PLASMA-OPTICAL
EMISSION SPECTROSCOPY (ICP-OES)

The metal content of the samples was determined by
inductively coupled plasma-optical emission spectroscopy
(ICP—-OES) (iICAP PRO, ThermoScientific, USA).

Solids were disaggregated in aqua regia and later diluted in
water before analysis.

6.11. QUANTUM-CHEMISTRY COMPUTATIONS

Water solution. In otder to study the behavior of €dC and edC(H)" in
water we have adopted the computational models depicted in Figure
3.12 (Chapter 3) where the sugar is mimicked by a methyl group,
bulk solvent effects are included with the polarizable continuum
(PCM) model,” and the effect of solute-solvent hydrogen bond
interactions considered by explicitly including two H,O molecules,
with the arrangement shown in Figure 3.12 (Chapter 3). Our
previous study on Cyt shows indeed that substitution of the sugar
with methyl group does not have a significant impact on the excited
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state behaviour.” Calculations have been also performed without
including explicit water molecules. DFT and TD-DFT, using the
MO052X functional,*” have been used as reference computational
model, since they have been already profitably adopted to study the
photoactivated behaviour of Cyt derivatives in solution.*® All the
TD-DFT calculations have been performed by the Gaussianl6
program.’

Gas Phase. In parallel we have mapped the PES of ¢CH and eCH”
in the gas phase by Complete Active Space Self Consistent Field
(CASSCF)*”  optimization of minima and state crossings and
minimum energy path calculations. Energies have been corrected
using second-order perturbation theory (CASPT?2) in its single and
multistate (MS)" formulation with an IPEA shift'! of 0.0 a.u. and
an imaginary level shift'” of 0.3 a.u. The selected active space, 16
electrons in 12 orbitals, contains all the  and 7* orbitals together
with the Lone Pairs of the O and N8 atoms for ¢CH. Since the
latter is not present in eCH" the active space is reduced to 14
electrons in 11 orbitals. An equal weight state-average over 5 states
was used throughout. To be consistent with the DFT calculations
these calculations were also done using the 6-31G(d) basis set
OpenMolcas software has been used for these calculations.”
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In this Doctoral Thesis, the study of photochemical and
photophysical behavior of DNA g-adducts is addressed to get more
insights into how structural changes are capable to modify the
properties of DNA derivatives. To achieve this goal, computational
chemistry, spectroscopic and steady-state photolysis experiments
were performed.

The conclusions of each chapter can be summarized as follows:

1) In Chapter 3, femtosecond upconversion fluorescence
measurements were carried out together with steady-state
fluorescence to study the singlet channel of €dC. In addition, non-

radiative and radiative deactivation pathways were examined using
theoretical ~ calculations  (at  the PCM-TD-DFT  and
CASPT2/CASSCF levels).

= These results show that the addition of an extra etheno ring on
the canonical dC alters its photobehavior. On the one hand, dC
exchibits a red-shifted absorption compared to dC, which increases
the UV'B fraction of sunlight that can be directly absorbed by
&dC—containing DINA. However, the etheno bridge decreases the
efficiency of the non-radiative deactivation by lengthening the
exccited state lifetime. The larger absorption windows and the

longer singlet lifetime may trigger undesired photolesions in the
DNA.

2) Chapter 4 tackles the photophysical properties of edA and
€dG adducts. Moreover, the photochemical reactivity of the three
etheno adducts is considered using Type I and Type 1I
photosensitizers.

= From a photgphysical point of view, the etheno adducts present a
red shifted absorption spectra and moderate fluorescence enission
with a relatively longer lifetime than their canonical counterparts.
The &-adducts triplet excited states are lower in energy than those
reported for their corresponding bases.
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= Irradiation of &-adducts in the presence of Type I and Type 11
photosensitizers showed repair of the lesion under both aerobic
and anaerobic conditions. €1dG was found to be easily oxidized
through both types of processes, by contrast, for &dA, an electron
transfer mechanism seems to be the main pathway. These results
open the possibility to further develop systems able to regenerate
the original DINA bases from the &-adduct.

3) In Chapter 5, hybrid metal NPs have been considered as a system
to optimize the repair €-adduct process taking advantage not only
of their ability to act as matrix to support Rose Bengal but also of
the surface plasmon resonance reported to enhance the optical
properties of the NPs.

= Si0; and Ag@SiO, nanoparticles have been synthesized and
functionalized with Rose Bengal.

= Metal nanoparticles (Ag@Si0,-RB) present faster repair
kinetics together with higher yields than control §i0,RB NPs.
This effectivity results from the enhanced effect triggered by the
plasmon-resonance, which seems to be more efficient for the
processes taking place under anaerobic conditions.
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SUMMARY

Studies dealing with DNA damages have increased during the last
decades in order to get more insight into their involvement in the
appearance of cancer. Among the large number of DNA lesions,
etheno adducts have been the matter of interest because of their
presence in chronically inflamed human tissues, making their
quantification useful as potential biomarkers for cancer of colon,
prostate, lung, etc. Moreover, these lesions exhibit highly mutagenic
properties and induce base transitions or transversion in mammal
cells. Etheno adducts are mainly formed endogenously as a result of
lipid peroxidation. This biochemical process produces reactive
aldehydes such as malondialdehyde, which can combine with DNA
bases creating the exocyclic ring. This exocyclic ring provides to the
nucleobases an extended 7- conjugated system that might confer
them optical properties different from those of the canonical bases,
and can pose a threat to the DNA photostability.

Canonical bases have the ability to dissipate most of the excitation
energy through efficient nonradiative channels leading back to the
ground state. However, the studies about the optical properties of
this etheno adducts are basics to make it clear whether these lesions
can jeopardize this efficient relaxation and trigger undesired DNA
photoreactivity.

The first part of the thesis establishes the potential photoactivity of
these DNA lesions through a spectroscopic study. Chapter 3 joints

femtosecond  fluorescence upconversion experiments and
theoretical ~ calculations  (at  the PCM-TD-DFT  and
CASPT2/CASSCF levels) to provide a comprehensive picture of

the mutagenic etheno adduct 3,N4-etheno-2’-deoxycytidine (edC)
excited states relaxation.

Photophysics studies show that the etheno bridge significantly
affects edC optical properties in respect with those of its canonical
base dC. Indeed, the fluorescence quantum yield (¢y) and average

lifetime <t> increase notably. Despite the extra ring does not affect
the common pyrimidine radiative deactivation pathway, this
structural change decreases the efficiency of the non-radiative
deactivation by lengthening the excited state lifetime.
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Chapter 4 addresses the photophysical properties of the
adducts together with its photoreactivity in the presence of some
common  photosensitizers as  Rose Bengal and 4-
carboxybenzophenone, paying a special attention to interaction
with 'O,. Interaction with 'O, is observed for the three studied &-
adducts. Interestingly, the same nucleobase formation is detected
for irradiation under anaerobic conditions, opening the possibility
of a mixed Type I and Type II mechanism when Rose Bengal is
used as photosensitizer, and Type I for 4-carboxybenzophenone.
Steady-state photolysis studies, carried out together with some laser

flash photolysis experiments, allow establishing that edG is sensitive

to both types of processes (Type I and II), and that &dA is
decomposed mainly through an electron transfer mechanism.

Finally, the last chapter takes advantage of all the gained

knowledge about the photoreactivity of €-adducts to choose the
best chromophore and optimize the repair process observed in
Chapter 4.

To achieve this, hybrid systems of Ag metal nanoparticles are
used as a support matrix for the Rose Bengal. Metal NPs, such as
Ag NP, possess localized surface plasmon resonance (LSPR). This
effect amplifies a wide variety of optical phenomena that can
enhance the Rose Bengal optical properties. To study this
phenomenon, two types of nanoparticles have been synthesized: a
non-optically active NP SiO, and an optically active metal NP Ag
coated with 14 nm of SiO, (Ag@SiO,-RB). Then, steady-state
photolysis studies are carried out with both nanoparticles under
aerobic and anaerobic conditions. In both cases, Ag@SiO,-RB NPs
present faster repair kinetics together with higher repair yields than
control SiO,-RB NPs, demonstrating that LSPR enhances the

photorepair process of €-adducts in this system.
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RESUMEN

Los estudios sobre los dafios en el ADN se han incrementado
en las ultimas décadas con el fin de profundizar en su implicacion
en la apariciéon del cancer. Entre el gran nimero de lesiones del
ADN, los aductos de tipo eteno han sido objeto de interés debido
a su presencia en los tejidos humanos créonicamente inflamados.
Asimismo, su cuantificacion es util para su uso como potencial
biomarcador del cancer de colon, prostata, pulmon, etc. Ademas,
estas lesiones presentan propiedades altamente mutagénicas e
inducen transiciones de bases o transversiones en las células de
mamiferos. Los aductos de tipo eteno se generan principalmente de
forma enddégena como resultado de la peroxidacién lipidica. Este
proceso bioquimico produce aldehidos reactivos como el
malondialdehido, que pueden combinarse con las bases del ADN
creando un anillo exociclico.

Este anillo exociclico proporciona a la nucleobase un sistema
extendido m-conjugado que puede conferitles propiedades Opticas
diferentes a las de las bases candnicas, lo que puede suponer una
amenaza para la fotoestabilidad del ADN.

Las bases candnicas tienen la capacidad de disipar la mayor
parte de la energfa recibida a través de canales no radiativos
eficientes que conducen de nuevo al estado fundamental. Por lo
tanto, los estudios sobre las propiedades Opticas de estos aductos
etenos son clave para establecer si estas lesiones pueden poner en
peligro la relajacion eficiente de los estados excitados de las bases y
desencadenar una fotorreactividad indeseada del ADN.

La primera parte de la tesis trata de evaluar la fotoactividad
potencial de estas lesiones del ADN mediante un estudio
espectroscopico. En el Capitulo 3 se combinan experimentos de
upconversion de fluorescencia en la escala de femtosegundos y
calculos  tedricos (en los  niveles PCM-TD-DFT vy
CASPT2/CASSCF) para proporcionar una imagen completa de la
relajacion de los estados excitados del aducto mutagénico 3,N4-

eteno-2'-desoxicitidina (edC).

Los estudios fotofisicos mostraron que el puente de tipo eteno
afecta significativamente a las propiedades 6pticas del edC respecto
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a su base canodnica dC. En efecto, el rendimiento cuantico de
fluorescencia (¢7) y el tempo de vida medio <t> aumentan
notablemente.

A pesar de que el anillo no afecta a la via principal de desactivacion
radiativa de la pirimidina, este cambio estructural disminuye la
eficiencia de la desactivacion no radiativa alargando el tiempo de
vida del estado excitado.

El Capitulo 4 aborda las propiedades fotofisicas de los aductos
junto con su fotorreactividad en presencia de fotosensibilizadores
comunes como la Rosa de Bengala (RB) y la 4-carboxibenzofenona
(CBP), prestando especial atencion a la interaccion con el 'O, En
condiciones aerdbicas, se observa una interaccién con 'O, para los
tres aductos estudiados. Curiosamente, se observan los mismos
fotoproductos, las nucleobases originales, para la irradiaciéon en
condiciones anaerdbicas, abriendo la posibilidad de un mecanismo
mixto de Tipo Iy Tipo II cuando se utiliza Rosa de Bengala como
fotosensibilizador, y de Tipo I para la 4-carboxibenzofenona.

Los estudios de fotdlisis en estado estacionario realizados junto
con algunos experimentos de fotdlisis de destello laser permiten

establecer que el édG es sensible a ambos tipos de procesos (Tipo 1

y 1), y que el edA se descompone principalmente a través de un
mecanismo de transferencia electrénica.

Finalmente, el ultimo capitulo trata de unir todos los

conocimientos adquiridos sobre la fotorreactividad de los g-aductos
para elegir el mejor cromoéforo tratando de optimizar el proceso de
reparacion observado en el Capitulo 4.

Para ello se utilizan sistemas hibridos de nanoparticulas metalicas de
Ag como matriz de soporte para la Rosa de Bengala. Las NPs
metalicas, como las Ag NPs, poseen una resonancia plasmoénica
superficial localizada (LSPR), este efecto amplifica una gran
variedad de fenémenos 6pticos que pueden mejorar las propiedades
opticas de la Rosa de Bengala. Para estudiar este fenémeno se han
sintetizado dos tipos de nanoparticulas decoradas con Rosa de
Bengala : unas de SiO; no épticamente activas y unas de Ag metalica
6pticamente activas recubiertas con 14 nm de SiO, (Ag@SiO,-RB).
A continuacion, se realizaron estudios de fotdlisis en estado
estacionario con ambas nanoparticulas en condiciones aerébicas y
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anaerdbicas, y las Ag@SiO,-RB presentan una cinética de
reparaciéon mas rapida junto con rendimientos de reparaciéon mas
altos que las NP control SiO,-RB, demostrando que la LSPR mejora
el proceso de fotorreparacion de los aductos de tipo eteno en este
sistema.
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RESUM

Els estudis sobre els danys en 'ADN s'han incrementat en les
ultimes decades amb la finalitat d'aprofundir en la seua implicacio
en 'aparici6 del cancer. Entre el gran nombre de lesions de 'ADN,
els adductes de tipus eteno han sigut objecte d’interés degut a la seua
presencia en els teixits humans cronicament inflamats, la qual cosa
fa que la seua quantificacio siga util com a potencials biomarcadors
del cancer de colon, prostata, pulmo, etc. A més, aquestes lesions
presenten propietats altament mutageniques 1 indueixen transicions
de bases o transversions en les cél'lules dels mamifers. Els adductes
de tipus eteno es formen principalment de manera endogena com a
resultat de la peroxidacié dels lipids. Aquest procés bioquimic
produeix aldehids reactius com el malondialdehid, que poden
combinar-se amb les bases de ' ADN creant un anell exociclic.

Aquest anell exociclic proporciona a les nucleobases un sistema

estés TT-conjugat que pot conferir-les propietats optiques diferents a
les de les bases canoniques, 1 que poden suposar una amenaga per a
la fotoestabilitat de I'ADN.

Les bases canoniques tenen la capacitat de dissipar la major part
de l'energia d'excitacié a través de canals no radiatius eficients que
condueixen de nou a l'estat basic. No obstant aixo, els estudis sobre
les propietats optiques d'aquests adductes de tipus eteno sén
fonamentals per a deixar clar si aquestes lesions poden posar en
perill aquesta relaxaci6 eficient i desencadenar una fotoreactivitat

indesitjada de 'ADN.

La primera part de la tesi tracta d'estimar el potencial fotoactiu
d'aquestes lesions de 'ADN mitjancant un estudi espectroscopic.
En el Capitol 3 es combinen experiments de “upconversié” de
fluorescencia en una escala de femtosegons 1 calculs teorics (en els
nivells PCM-TD-DFT i CASPT2/CASSCF) per a proporcionar una
imatge completa de la relaxacié dels estats excitats del adducte

mutagenic 3,N4-eteno-2"-desoxicitidina (edC).

Els estudis fotofisics van mostrar que el pont de tipus eteno afecta
significativament a les propietats optiques del €dC respecte a la seua
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base canonica dC. En efecte, el rendiment quantic de fluorescencia
(¢ i el temps de vida mig <t> augmenten notablement.

A pesar que l'anell no afecta a la via comuna de desactivacio
radiativa de la pirimidina, aquest canvi estructural disminueix
l'eficiencia de la desactivacié no radiativa allargant el temps de vida
de l'estat excitat.

El Capitol 4 aborda les propietats fotofisiques dels adductes
restants juntament amb el seua fotoreactivitat en presencia d'alguns
fotosensibilitzadors comuns com la Rosa de Bengala (RB) 1 la 4-
carboxibenzofenona (CBP), prestant especial atenci6 a la interaccid
amb el !O,. S'observa la interaccié amb 'O, per als tres adductes
estudiats.

Curiosament, s'observa la mateixa formacié de nucleobases per
a la irradiaci6 en condicions anaerobiques, obrint la possibilitat d'un
mecanisme mixt de Tipus 11 Tipus II quan s'utilitza Rosa de Bengala
com fotosensibilitzador i de Tipus I per a la 4-carboxibenzofenona.

Els estudis de fotolisi en estat estacionari realitzats juntament
amb alguns experiments de fotolisi de flaix laser permeten establir

que el edG és sensible a tots dos tipus de processos (Tipus I i IT), i

que el edA es descompon principalment a través d'un mecanisme
de transferencia d'electrons.

Finalment, I'dltim capitol tracta d'unir tots els coneixements
adquirits sobre la fotoreactivitat dels adductes de tipus eteno per a
triar el millor cromofor tractant d'optimitzar el procés de reparacio
observat en el Capitol 4.

Per a aixo s'utilitzen sistemes hibrids de nanoparticules
metal-liques de Ag com a matriu de suport per a la Rosa de Bengala.
Les NPs metal-liques, com les de Ag, posseecixen ressonancia
plasmonica superficial localitzada (LSPR), aquest efecte amplifica
una gran varietat de fenomens optics que poden millorar les
propietats optiques de la Rosa de Bengala. Per a estudiar aquest
fenomen s'han sintetitzat dos tipus de nanoparticules decorades
amb Rosa de Bengala: una de SiO, no opticament actives i una de
Ag metal'lica Opticament activa coberta amb 14 nm de SiO,
(Ag@SiO,-RB). A continuacio, es van realitzar estudis de fotolisi en
estat estacionari amb totes dues nanoparticules en condicions
aerobiques i anaerobiques, iles Ag@SiO,-RB presenten una cinética
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de reparaci6 més rapida juntament amb rendiments de reparacid
més alts que les NPs de control (8§iO,-RB), demostrant que la LSPR
millora el procés de fotoreparacié dels adductes de tipus eteno en
aquest sistema.
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