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Abstract 

Cancer therapy has been a prominent topic of study for several decades by the medical, 

academic and pharmaceutical industry communities. In particular, skin cancer has assumed 

high relevance due to the degradation of the ozone layer and consequent increase in human 

exposure to UV radiation that induces genetic mutations. The focus has been on novel 

treatments and agents that increase the effectiveness of therapies, destroying the tumour 

cells while sparing the surrounding healthy tissues. The aim of this work was to analyse the 

damage driven by UV and visible radiation in relevant biological molecules and to understand 

how to enhance the radiation damage, namely by adding AuNPs to illuminated samples. A 

combination of different techniques represents an innovative and promising approach to be 

explored. The work described in this thesis addresses this methodology from two different 

standpoints: 1) the degradation of DNA molecules after exposure to UVC radiation, to design 

a biological dosimeter that effectively demonstrates and measures the radiation induced 

damage; and 2) the effects of visible light laser radiation (Nd:YAG ) on halogenated 

nucleobases and plasmid DNA conjugated with gold nanoparticles (AuNPs). The radiation 

damage induced in biological molecules was evaluated by spectroscopic techniques, 

microscopies, electrophoresis and measuring the production of free radicals and reactive 

species during water photolysis. This thesis demonstrates the potential of such a combined 

chemo-phototherapy methodology and the effectiveness of AuNPs in such treatment. 

Moreover, we have proven damage enhancement with the combination of pulsed laser and 

AuNPs in relevant biological molecules. The new findings of the interaction of Nd:YAG light 

with AuNPs and DNA molecules point to their efficacy and applicability in melanoma therapy. 

However, additional in vitro studies with cell lines, followed by in vivo assays, should be 

conducted, investigating whether the benefits surpass the possible damage caused in the 

vicinity of the illuminated area.  

 

Keywords: DNA, nucleobases, AuNPs, UV radiation, Nd:YAG.  
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Resumo 

A terapia de cancro, dos mais variados tipos de tumores e possíveis combinações de 

tratamentos, tem sido tema de estudo há várias décadas por parte das comunidades médica, 

académica e indústria farmacêutica. Nomeadamente o cancro de pele tem assumido elevada 

relevância devido à degradação da camada de ozono e consequente exposição a radiações 

que induzem mutações genéticas. Novos tratamentos, agentes que aumentem a eficácia das 

terapias com menor dano de células saudáveis, e a conjugação destes dois, representam 

novas e promissoras técnicas a ser exploradas. Assim, o uso de nanopartículas de metais 

nobres e a terapia com fotões são práticas cada vez mais procuradas na terapia do cancro de 

pele. Este trabalho estuda esta problemática com duas abordagens diferentes, 

nomeadamente 1) estudos da degradação de moléculas de ADN após a exposição a radiação 

UVC, com o objectivo de conceber um dosímetro biológico que demonstre de uma forma 

eficaz os danos induzidos; e 2) investigação dos efeitos em nucleobases halogenadas e 

plasmídeo de ADN da conjugação de nanopartículas de ouro (AuNPs) e radiação no espectro 

do visível com um feixe de luz a 532 nm produzido por um laser pulsado (Nd:YAG). Os danos 

induzidos nas moléculas biológicas referidas anteriormente foram avaliados recorrendo a 

técnicas de espectroscopia, caracterização por microscopia, separação molecular por 

electroforese e avaliação da produção de radicais livres e espécies reactivas formadas durante 

a fotólise da água. Este trabalho demonstrou o potencial da quimio-fototerapia combinada 

estudada, e comprovou eficácia das AuNPs. As novas descobertas da interação de AuNPs com 

Nd:YAg e moléculas de ADN apontam para a sua eficácia e aplicabilidade em tratamentos de 

melanomas, contudo mais estudos in vitro com linhas celulares, seguidos por ensaios in vivo 

devem ser realizados, investigando se os benefícios são superiores aos possíveis danos 

causados na proximidade da área iluminada. 

Palavras-chave: ADN, nucleobases, AuNPs, radiação UV, Nd:YAG. 
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Introduction 

1. Introduction 

1.1. Motivational framework 

“Nano” is one of the prefixes of the last three decades. In a simple search on a web browser 

one can find so many new words and different applications of the nano prefix such as 

nanotechnology, nanoscience, nanomaterials and relevant for this thesis, nanomedicine, 

nanotoxicology and nanoparticles with the exciting possibilities these brings for cancer 

treatment. 

Cancer is not a new disease, nevertheless we are still far away from having a perfect 

treatment and sadly for some types of tumours, there is still no effective treatment. According 

to the World Health Organization, trachea, bronchus and lung cancers deaths are ranked as 

the 6th leading cause of death in the world, rising from 1.2 million in 2000 to 1.8 million in 

2019. Such numbers are even scarier when we account for the considerable investment that 

has occurred in seeking methods of treatment of such tumours. More technologies and 

knowledge have become available but the number of deaths continues to increase.  

The success of any cancer therapy depends on the efficacy of the treatment, which usually is 

directly related with the cell death rate [1]. A cell is considered dead when it loses the ability 

to replicate the genomic information, and thus pass the genes to daughter-cells [2], [3], and 

a single double strand break (DSB) is known to be able to cause this effect [4], [5]. Ongoing 

research aims at discovering chemicals with anti-tumour activity to be used on their own or 

combined with conventional photothermal therapy (PTT), radiotherapy or chemotherapy [6]–

[8].  

In recent years, different techniques have been developed with the purpose of using pulsed 

and continuous wave lasers in PTT. Nobel metal nanoparticles are of particular interest in skin 

cancer treatment with PTT. It is well known that depending on the material, size, structure 

and shape of the nanoparticle, they present a surface plasmon resonance that can enhance 

the damage and death of tumour cells during PTT [6], [9], [10].  
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Gold nanoparticles (AuNPs) are a common choice to be used in PTT since they present 

biocompatibility and an extraordinary capability to absorb visible light, converting the 

photon’s energy into heat. In pulsed laser the heat generated originates a significant rise of 

the temperature in the vicinity of the AuNPs, culminating in the damage of the nearby 

biological material [10], [11]. The irradiation of biological molecules in presence of AuNPs thus 

leads to DNA damage through temperature increase. However with continuous wave lasers 

the damage in the cells is caused by hyperthermia, that basically correspond to small 

increases of the local temperature that lead to denaturation of proteins, modification of the 

cellular response, disruption of nuclear and cytoskeletal assemblies and membrane blebbing 

[1], [3], [12]–[14].  

The water existent in the irradiated medium also experiences radiolysis leading to the 

formation of free radicals species (mostly OH• and H2O2) and low energy electrons, indeed 

these entities are responsible by the majority of the DNA damage [15], [16]. Laser irradiation 

may lead to photodissociation of the water and when incident upon the NPs liberate 

secondary low energy electrons. 

The main objective of this work was understanding the effect in the applications that cause 

biological damage by sources of light usable in PTT when combined with gold nanoparticles 

(AuNPs). More concretely, the main objective of this work was understand the effect of 

radiation in presence of AuNPs on DNA and DNA bases. Another goal was to investigate the 

production of free radicals during the irradiations of the samples and study the effects on the 

plasmid DNA, analysing the formation of single and/or double strand breaks with the 

technique of agarose gel electrophoresis.  

This thesis is structured in eight Chapters. In Chapter 1 the reader will find a general 

introduction to the thesis theme, the relevancy and context of this particular study and the 

thesis outline. Chapter 2 provides a review of the state of the art of the principal themes 

addressed in this study. The key concepts are defined and the effects of irradiation of 

biological molecules are reviewed. The impact of the free radicals in biological damage is also 

discussed. In the Chapter 3, the instrumental techniques used in the experiments performed 

in this study are presented. Chapters 4 to 7 of this thesis are presented in manuscript form, 
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based on a series of peer-reviewed papers published or submitted for publication. The 

contents of each of the four results chapters are: 

• Chapter 4: Assessment of the biological damage caused when aqueous solutions of 

Calf thymus DNA are exposed to UV light for different periods of time. The hypothesis 

of using DNA as a biodosimeter is considered. Publication: Marques, T.S., Pires, F., 

Magalhães-Mota, G., Ribeiro, P.A., Raposo, M., Mason, Nigel (2018) Development of 

a DNA Biodosimeter for UV radiation. Proceedings of the 6th International Conference 

on Photonics, Optics and Laser Technology. 1. pp. 328-333. SCITEPRESS. ISBN 978-989-

758-286-8; doi: 10.5220/0006732003280333. 

• Chapter 5: Investigation of the kinetics of molecular decomposition of 5-bromouracil 

irradiated with Nd:YAG laser light  in the presence of AuNPs. Publication: Telma S. 

Marques, Robin Schürmann, Kenny Ebel, Christian Heck, Małgorzata A. Śmiałek, Sam 

Eden, Nigel Mason and Ilko Bald. Kinetics of Molecular Decomposition under 

Irradiation of Gold Nanoparticles with nanosecond Laser Pulses – A 5-Bromouracil 

case study. The Journal of Chemical Physics, 152, 124712 (2020); doi: 

10.1063/1.5137898. Impact Factor - 3.488 (2020). 

• Chapter 6: Evaluation of the effects on halogenated nucleobases when illuminated 

with Nd:YAG nano-pulsed laser. The presence and absence of AuNPs is exploited and 

the surface plasmon resonance (SPR) excitation studied. Publication: T.S. Marques, 

M.A. Śmiałek, R. Schürmann, I. Bald, M. Raposo, S. Eden and N.J. Mason. 

Decomposition of halogenated nucleobases by SPR excitation of gold nanoparticles. 

European Physical Journal D, Section: Atomic and Molecular Collisions.  pp. 1-9, 74, 

222 (2020). ISSN: 1434-6060; doi: 10.1140/epjd/e2020-10208-3. Impact Factor - 1.425 

(2020). 

• Chapter 7:  Study of free radicals on biological damage of aqueous solutions of plasmid 

DNA in presence and absence of AuNPs and irradiated with Nd:YAG pulsed laser. 

Manuscript being prepared for submission. 
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At the end of this thesis, a summary of the results is presented as well as future work 

possibilities in this area to improve the success of the AuNPs in skin cancer treatment (Chapter 

8). A list of relevant references is also provided as a subsection within each chapter. 
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Introductory Concepts  

2. Introductory Concepts 

 

In this chapter, the background to the experimental work undertaken and reported in this 

thesis is exploited. The main concepts and knowledge of the mechanisms and principles of 

radiation damage in DNA as we understand them today are presented.  The need to increase 

the knowledge on the mechanisms by which radiosensitisers enhance radiation damage and 

the biological effects of different radiations will be explored/evidenced. 

 

2.1. DNA and RNA 

Deoxyribonucleic acid (DNA) and Ribonucleic acid (RNA) are the most relevant biological 

molecules since DNA carries the genetic information, i.e., instructions for the development, 

functioning, growth and reproduction of living organisms and virus. While RNA presents 

various biological roles in coding, decoding, regulation and expression of genes. First 

described by Watson and Crick [1], DNA consists of two double chains composed by the 

nucleotides Guanine (G), Adenine (A), Cytosine (C), and Thymine (T). The first two nucleotides 

are purine molecules while the last are pyrimidine molecules. Nucleotides are bonded 

together through phosphate groups, ribose sugars and hydrogen bonding. To form the 

double-strands, the four nucleobases are interlinked with each other by Watson-Crick base 

pairing which means that two complementary base pairs such as G-C and A-T are connected 

via hydrogen bonds (Figure 2.1) [1]. 
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Figure 2.1 – Chemical structure of DNA with the representation of the four nucleobases, Adenine (green), 

Thymine (purple), Cytosine (red) and Guanine (blue), the phosphate groups (yellow) and the deoxyribonucleic 

sugars (orange). The atoms shown are P=phosphorus, O=oxygen, N=nitrogen and H=hydrogen. In Wikimedia. 

 
Figure 2.2 – DNA and RNA nucleobases and helix structure. Adapted from [2]. 
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The duplication of the genetic information and transmission to the daughter cells is achieved 

by the unique sequence of the bases that make DNA. DNA and RNA are the two types of 

nucleic acids, polymers based on nucleotides, and the main difference between the two is 

related to the sugar present in the structure and the pyrimidines. In DNA one can find 2′-

deoxyribose and T and C are the pyrimidines bases present. On the other hand, RNA contains 

the sugar ribose and the pyrimidine base T is replaced by uracil (U) (Figure 2.2). In both 

biological molecules, the nucleotides are joined together through phosphodiester linkages 

between the hydroxyl group of one pentose in position 5’ and the hydroxyl group in position 

3’ of the next sugar [3]–[6]. The base-pair G-C has 3 hydrogen bonds and A-T only presents 

two (Figure 2.3). 

 
Figure 2.3 – Model of DNA by Watson and Crick with the representation of the hydrogen bonds. Adapted from 

https://cnx.org/contents/5CvTdmJL@4.4 

DNA strands have an antiparallel orientation, which means that the sequence is always 

written with the 5′ end at the left strand and the 3′ end at the opposite side (Figure 2.3), and 

each helical turn has 10.5 base pairs, corresponding to 36 Å (3.6 nm) [3], being the distance 

between base pairs near 3.4 Å [7] and recently, calculated as 3.3899±0.0002 Å [8]. The 

stabilization of the double helix is attributed to metal cations, shielding the negative charges 

of the backbone phosphates [9], and to the base-stacking of the planar purines and 

pyrimidines. The hydrogen bonding of the complementary bases does not have a significant 

contribution to this stabilization. Moreover, DNA molecules with a higher rate of G-C are more 

stable since this bonding is stronger than the connection of the other complementary bases 

[3], [4], [6]. 
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2.2. Purines and pyrimidines 

As already mentioned, the building blocks of the DNA and RNA are nucleotides which are 

purine and pyrimidine derivatives. Pyrimidines (Figure 2.4), chemical formula C4H4N2, are 

characterized by having a single ring containing four carbon and two nitrogen atoms forming 

a planar molecule, while purines (Figure 2.4), with chemical formula C5H4N4, presents a fusion 

between the pyrimidine ring and imidazole ring, and assumes a very nearly planar geometry 

[3], [6]. These structures are aromatic molecules (Figure 2.4), a crucial factor in the structure, 

electron distribution, and light absorption of nucleic acids. The pyrimidines and purines are 

weakly basic compounds and this is the reason why they are commonly known as bases. In 

both types of bases, the rings are planar due to the conjugated double bonds and the fact 

that these bases are unsaturated.  

 

Figure 2.4 – Parent structures of pyrimidine ring and purine bases of nucleotides and nucleic acids, showing 

the numbering conventions. Adapted from [10]. 

The geometry of these molecules make them more susceptible of injury from ultraviolet (UV) 

light since they have the ability of strongly absorb this radiation, showing absorption from 

200 to 300 nm, depending on the nucleotide as shown in Figure 2.5 [3], [11]. Concerning the 

DNA absorption spectrum, it typically presents a peak at 260 nm and a local minimum around 

230 nm, which reflects the contribution of the bases that compose the DNA strands. The 
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absorption spectra of purines and pyrimidines present a peak about 250 to 270 nm and a 

second one around 180 to 200 nm, both assigned to π-π* transitions [12].  

 

 

Figure 2.5 – Absorption spectra at pH 7, a) variation of the molar extinction coefficient with the wavelength of 

individual nucleotides [3] and b) variation of the absorbance with the wavelength for the nucleotides (left) and 

DNA (right). Adapted from [11]. 
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2.2.1. DNA damage 

The damage in DNA molecules can occur in all its parts, although there are some more regions 

that are more susceptible to damage such as the sugar-phosphate backbone or the single and 

double-strand breaks (SSB and DSB, respectively). Damage  can be caused by several causes, 

namely ionizing radiation, particles beam [13], UV radiation [8], [9], [14], [15], the action of 

free radicals  and chemical attack [3], [4], [12], [16]. DNA bases can also be severely modified 

or damaged by oxidation. If such damage occurs during the replication of DNA, errors can 

ensue such as mispairing, addition of extra bases or, in the other extreme, its omission (Figure 

2.6) [16], [17].  

 

Figure 2.6 – Illustration of several types of DNA damage, namely a) base damage; b) apyrimidinic/apurinic site; 

c) SSB; d) DSB; e) tandem lesion; f) clustered lesion with two damaged bases on opposite strands. Adapted 

from [16]. 

According to Jagger (1967), the parent structure of the pyrimidine bases has a higher 

susceptibility of being attacked than purines since this group of bases present a simpler 

structure [18]. The damaged induced in pyrimidines can lead to 1) formation of pyrimidine 

dimers, 2) production of photo products, 3) protein-DNA cross-links, 4) pyrimidine hydrates, 

5) SSB and/or DSB and 6) DNA-DNA cross-links [11]. The analysis of UV damage over  the 

photon range of 3.5 to 8 eV on DNA films has revealed that such irradiation leads to: 1) sugar 

degradation with CO-based compounds released  at  energies above 6.9 eV, 2) nitrogen 

groups which are not involved in hydrogen bonding decrease for energies above 4.2 eV; 3) 

phosphate groups decrease for energies above 4.2 eV; 4) the damage on bases peripheral 

nitrogen atoms follows the damage on phosphate groups, this is explained by the ejection of 

low kinetic energy photoelectrons from the DNA bases, as a result of UV light-induced the 
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breaking of the phosphate ester groups which forms a transient anion with resonance 

formation in the nitrogen DNA peripheral groups; and 5) ionized phosphate groups are kept 

unchanged which is interpreted by the shielding of phosphate groups caused by water 

molecules hydration near sodium atoms [9]. 

Regarding DNA damaged molecules in aqueous solution, the damage is typically induced by 

processes related with reactive oxygen species (ROS) which attack the strands. This effect is 

closely related to the fact that the DNA molecule is a highly charged polyanion always 

surrounded by water molecules, even when it is in the dry state (not in solution), containing 

twelve water molecules per nucleotide subunit [16]. 

 

2.2.2. Oxidative stress of DNA 

Oxidation, in biological systems, occurs due to the action of free radicals and refers to the 

removal of one or more electrons from a molecule. Free radicals are chemical species with an 

unpaired electron, which translates in a large electronic affinity and therefore vast reactivity 

(Figure 2.7). The formation of free radicals may occur due to endogenous processes, such as 

biochemical processes associated with metabolism, or via exogenous process, for instance, 

the metabolic reactions caused by the exposure to external agents [19]–[21].  

 
Figure 2.7 – Illustration of reactive oxygen species formation with oxygen as a precursor. The loss of an 

electron will originate the free radical. Adapted from [22]. 

A balance between oxidation and reduction is essential in all biological systems and chemical 

reactions, and when this equilibrium is not present it is called oxidative stress. Oxidative stress 

results in an intracellular increase of reactive species, namely reactive oxygen species (ROS) 

and reactive nitrogen species (RNS). As examples of ROS we have hydrogen peroxide (H2O2), 
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singlet oxygen (1O2), the superoxide anion radical (O2-•), ozone (O3) and hydroxyl radical (OH•). 

Peroxynitrite (ONOO-) and nitric oxide (NO•) are examples of RNS [20], [23]. Oxidative 

damage is the most important source of mutagenic alterations in DNA. DNA damage can 

result from ROS activity or as a by-product of aerobic metabolism and leading to the oxidation 

of DNA and strand breaks [3], [22], [24] (Figure 2.8). 

 

Figure 2.8 – Representation of the indirect effect of DNA damage by free radicals. Adapted from [25]. 

In general, free radical reactions are divided into three groups: atom abstraction (AB), 

electron transfer (ET), and radical addition (RA). The products formed during these reactions 

will interact with biological systems and lead to damage. On other hand, ROS and RNS are 

commonly divided into two groups, 1) radicals and 2) non-radicals. The main differences 

between them are that radicals contain at least one unpaired electron and are not capable of 

independent existence, and the group of the non-radicals is characterised for having all the 

electrons paired and thus are stable molecules, but they are capable of  leading to free radical 

reactions in the biological medium [23], [24], [26], [27]. 

Antioxidants may exhibit distinct behaviour when reacting with different free radicals and 

pro-oxidants. The two main mechanisms of radical inhibition by the action of antioxidants are 

hydrogen atom transfer and single electron transfer (Figure 2.9), which differ essentially in 

the kinetics and reaction medium. These mechanisms can occur simultaneously, with the 

dominant mechanism being determined by the properties, structure and antioxidant 

solubility and the nature of the reaction system solvent [19], [23], [28]. Electron transfer 

reactions generally occur slower than hydrogen atom transfer reactions. Moreover, cell 

functions or cell damage can be altered by the molecular changes mediated in redox steady 

states, depending on the nature and extent of the effect [28]. 
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Figure 2.9 – Representation of antioxidant neutralising a free radical by donation of an electron [22]. 

In the following sections, a detailed description of the ROS species is presented. 

 

2.2.2.1. Hydroxyl radical  

The hydroxyl radical (OH•; Figure 2.10) is known for being the most reactive species containing 

oxygen and presents a half-life of about 1 nanosecond (ns), or 10-9 second [26], in biological 

systems [23], [24], [26]. OH• is a very unselective radical, thus its action does not depend on 

the surrounding molecules. The formation of OH• in biological systems happen by water 

radiolysis or photolysis. The methods commonly used for the detection of this free radical 

presence and activity,  are based on the fluorescence emitted by a characteristic product of a 

given probe added to the medium of reaction. This chemical (e.g. coumarin-3-carboxylic acid, 

phenylalanine or salicylic acid) is feasible for the in vitro detection but not for in vivo, and the 

most common reactions related are named aromatic hydroxylation [23], [29], [30].  

 

Figure 2.10 – Representation of hydroxyl radical with an unpaired electron in red and the attack of this species 

to DNA chain. Adapted from [31], [32]. 
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2.2.2.2. Singlet oxygen  

Singlet oxygen (1O2; Figure 2.11) is an oxidant with high impact in tissue and DNA damage, 

presenting the capacity to react with a wide range of biological molecules. Usually, 1O2 

formation is related with the capacity to accept electrons of the medium being exceeded 

when exposed to intense light [3], [16], [24], [26]. The half-life of singlet oxygen is relatively 

short, 10-6 second [26] and belongs to the class of non-radical species. The in vivo production 

of this molecule is associated with the activation of blood cells or through enzymatic reactions 

[26]. 

 
Figure 2.11 – Representation of singlet oxygen [32]. 

 

2.2.2.3. Superoxide anion radical 

The most common ROS formed via enzymatic processes is the superoxide anion radical (O2-•; 

Figure 2.12), which is formed by the reduction of one electron of molecular oxygen. It can also 

be formed through non-enzymatic electron transfer (ET) reaction where an electron is 

transferred to molecular oxygen, or as a result of auto-oxidation reaction [16], [24], [26].  

O2
-• does not have the ability to easily cross lipid membranes and it has relatively low 

reactivity with biological molecules. The half-live of this radical is about 10-6 seconds, and in 

the biological environment can act as an oxidizing or a reducing agent [24], [26]. Moreover, 

O2
-• is known as producing toxic effects on biological molecules via direct reaction or by an 

indirect effect through the production of other ROS such as hydrogen peroxide  [16], [23], 

[24], [26]. 



21 

 
Figure 2.12 – Representation of superoxide radicals with the unpaired electron represented in red [32]. 

 

2.2.2.4. Hydrogen peroxide 

Hydrogen peroxide (H2O2; Figure 2.13Erro! A origem da referência não foi encontrada.) is 

known for being a strong oxidiser, which reacts moderately with biological molecules due to 

its long half-life (minutes) [23], [26], [33]. One of the main reasons why H2O2 is an important 

molecule to consider in oxidising effects is due to its high capacity to diffuse through 

hydrophobic cellular membranes, being directly compared to the diffusion rate of water [23], 

[34]. This molecule is not considered a real oxygen free radical since does not have unpaired 

electrons but, its ability to penetrate membranes and react with redox-active transition 

metals increases the yield of ROS to higher levels than the ones observed for OH• [4], [16], 

[23], [24].  

 
Figure 2.13 – Representation of hydrogen peroxide. Adapted from [32]. 

 

2.3. Characteristic Radical Reactions 

Free radicals processes are known for their characteristic chain reactions. The basic principle 

behind the chain reactions of free radicals is that all molecules will try to achieve a stable 
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state, pairing all electrons. To accomplish the steady-state, species with unpaired electrons 

will scavenge one or more electron from a stable molecule in the vicinity. This event will 

trigger a cascade of events, that is a chain reaction, which culminates damaging the biological 

molecules [16], [26], [27]. These chain reactions are characterized by three distinct events 

namely initiation, propagation and termination. In the initiation reactions, the number of 

radical species increases and it is defined by equation [2.1] and these reactions can occur via 

oxidation, reduction or homolytic cleavage of a simple covalent bond (the final products of 

the reaction share the two electrons of the bond). Initiation reactions are usually catapulted 

by temperature or radiation agents [16], [23], [24].  

𝑨𝑨 𝑩𝑩 →  𝑨𝑨• + 𝑩𝑩•       [2.1] 

The second phase of free radicals’ reactions is the propagation (equation [2.2]) reactions 

where the number of radicals is kept constant. One molecule interacts with a free radical and 

originates a radical species and one stable molecule thus, the radical character of a molecule 

is retained or transferred to the next reaction. Although the number of free radicals remains 

the same before and after the reaction, it is during this phase that the majority of the free 

radicals are produced since they are very reactive and they will continue chasing the stable 

form. Propagation reactions are usually ascribed to hydrogen abstraction or addition of the 

radicals to double bonds [16], [23], [24]. 

𝑨𝑨𝑩𝑩 +  𝑨𝑨• →  𝑨𝑨𝑨𝑨 + 𝑩𝑩•     [2.2] 

The cascade reactions are ultimately halted through termination reactions described by 

equation [2.3]. As the name suggests, the number of radical species decreases through the 

interaction of two free radicals to form a stable molecule. It is the inverse of the initiation 

phase. A true termination process should be between two radical species. Non-radical ones 

will just retard the propagation phase since they will form free radicals of much lower 

reactivity  [16], [23], [24].  

𝑨𝑨• +  𝑨𝑨• →  𝑨𝑨𝑨𝑨       [2.3] 
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2.3.1. Roles of radicals in carcinogenesis  

When the biological system has an excess of ROS species it will lead to damage of several 

biomolecules, including proteins, lipids and DNA. The oxidative stress will increase and 

diseases such as diabetes mellitus, neurodegenerative diseases, rheumatoid arthritis, 

cataracts, cardiovascular diseases, respiratory and, ultimately, cancer will arise. Aging is also 

a side effect of the oxidative stress [16], [23], [24], [27], [35]. Although the pathways and 

molecular mechanisms by which ROS leads to carcinogenesis is still unclear, it is known that 

they have a role in the formation of this group of diseases. The action of oxidative stress on 

specific DNA regions may activate oncogenes or inactive tumour suppresser genes [27]. 

Initiation processes are attributed to the presence of free radicals that lead to permanent 

modification of the DNA through oxidative damage. Regarding progression reactions, they 

are related to ROS activity which stimulates uncontrolled cancer cell growth and proliferation, 

contributing to the cancer development.  

Nonetheless, oxidative stress may also be related to prevention,  treatment and recovery of 

cancer [36], [37]. The prevention is mainly due to the action of the antioxidants species as 

well as the recovery stages, and both phases will usually lead to an improvement in the quality 

of life of the patients. Treatment with radical species can occur due to their ability to damage 

the DNA (e.g. single and double-strand breaks) of cancer cells when combined with anticancer 

medicines and/or a radiation source. Since free radicals interactions can assume distinctive 

behaviours, it is important to mention that ROS will act as an anti-tumorigenic agent or 

promote tumour cell survival depending on their location, concentration, and the types of cell 

and tissue [36]. 

 

2.4. Radiosensitization 

There is a long-term effort to improve further the outcome of cancer radiotherapy, increasing 

the efficacy of radiation delivery onto ailing cells, sparing healthy ones as much as possible. 
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This had led to the development and study of molecules with radiosensitising properties, 

which is an agent with the ability to enhance the radiosensitivity of tumour cells. The 

development of nanotechnologies and with them new nanomaterials has demonstrated that 

some nanoparticles (NPs) can be used as radiosensitisers [38]. 

 

2.5. Noble metal nanoparticles 

Noble metal nanoparticles are used in a wide range of applications, from materials science, 

analytical chemistry, biomedicine and engineering high-speed circuits. The main reason of 

interest that lead to the increasing demand in the research and applications is related to the 

unique optical proprieties of metal nanoparticles (NPs) also known as localized surface 

plasmon resonance (LSPR). LSPR can be described as the oscillation of the conduction 

electrons that characteristically occurs in the visible to near-IR region of the spectrum which 

can be easily studied with common laboratory equipment (e.g. UV-Vis spectrophotometer) 

[39], [40]. Thus, NPs show a broad absorption band in the visible region of the 

electromagnetic spectrum [41]. The arising interest in nanomaterials among different areas 

of knowledge, namely in nanoparticles (NPs), is related to their different proprieties and 

behaviours when exposed to light and radiation [39]. Several studies have shown their unique 

optical proprieties, leading to an interest in increasing the knowledge in the localized surface 

plasmon resonance (LSPR). This phenomenon is characterized by the collective oscillation of 

the transferred electrons that generally occurs in the visible region of the spectrum to near 

UV [39], [41]. Among the noble metal nanoparticles, the ones produced from gold are most 

commonly used in different areas such as medicine, physics, chemistry, biology, materials 

science, cancer therapy, etc. 

 

2.5.1. Gold nanoparticles 

The red-purple colour observed in solutions of spherical gold nanoparticles (AuNPs) is 

attributed to the confinement of the electric field within a small metallic sphere (the radius 
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of the nanoparticles is much smaller when compared with the wavelength) and the 

phenomena named LPSR, as described above. It is also known that the colour of the solutions 

suffers slightly alterations when the AuNPs assume different shapes (Figure 2.14) or the 

surrounding medium is altered. In both cases, the modification of the colour is due to the 

optical resonance of the AuNPs. Moreover, when this resonance is excited by light one can 

observe a strong enhancement of the electric field leading to absorption of part of the energy 

of the light source and local heating of the NPs, revealing the nonlinear optical proprieties of 

AuNPs [42]–[44]. 

 
Figure 2.14 – Illustration of the different types of gold nanoparticles assemblies and morphologies used. Adapted 

from [44]. 

 

2.5.2. Surface plasmon resonance 

There are two major concepts concerning the optical properties of nanoparticles related to 

their size, geometry and composition. LSPR, describing the oscillation of the conduction 

electrons in a metallic nanoparticle (Figure 2.15) and the surface plasmon resonance (SPR) 

which corresponds to the resonant oscillation of conduction electrons at the interface 

between negative and positive permittivity material stimulated by incident radiation or, in 

other words, when an electromagnetic field is applied with a specific wavelength to the 

surface of metallic nanoparticles it creates collective oscillations of the electrons present at 

their surface [44], [45]. In both cases, the magnitude, peak wavelength and spectral 

bandwidth of the plasmon resonance are dependent on the particle’s size, shape, and 

composition, as well as its local dielectric environment [46]. 
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Figure 2.15 – Representation of the excitation of the localized surface plasmon resonance. Adapted from [47]. 

 

One of the very interesting characteristics of the AuNPs that is of direct use in  medicine is 

that they behave as nanolenses since one can observe a significant enhancement of the 

electromagnetic field near the NP surface that rapidly decreases with distance. But it is 

important to mention that only when the light has the frequency to excite the oscillation of 

the AuNP the resonance will occur [41], [47]–[49]. Thus, two physical effects help to 

understand the AuNPs LSPR, one is the nanolenses effect explained above and the other is 

related to the maximum optical extinction at the SPR frequency, occurring at visible-near 

infrared wavelengths where the extinction cross-section can be much larger than their 

geometrical size [49], [50]. As discussed before, the plasmon resonance of metal NPs is 

dependent on the size, shape and composition and some differences can be observed in 

Figure 2.16. Silver nanoparticles exhibit a plasmon resonance around 400 nm whereas 

spherical AuNPs have their resonance around 520 nm. Special shaped AuNPs exhibit plasmon 

resonance at longer wavelengths. A higher LSPR factor representing a sharper resonance is 

often desirable as it leads to higher optical extinction and stronger local-field enhancement 

[51], [52].  
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Figure 2.16 – Gold nanoparticle shape dependent LSPR as indicated by the visual appearance and UV-Vis 

spectra of spherical, branched and rod silver and gold nanoparticles. Adopted from [51]. 

 

One other aspect extremely important in defining the properties of NPs is the capping agent 

and the surrounding environment of the NPs, which can change the LSPR of the metal [50], 

[52]. Small AuNPs present higher absorbance cross-sections (larger NPs reveal higher 

scattering) leading to an increase in their efficiency when acting as nano-heaters, in other 

words, increasing the temperature in the vicinity of the illuminated AuNPs due to their strong 

optical absorption and subsequent non-radiative energy dissipation. This capability has been 

exploited in  the application of AuNPs for plasmonic photothermal therapy [52].  

 

2.5.3. Nanoparticle heating 

Temperature is one of the characteristics that allowed the success of the use of nanoparticles 

in photothermal therapy. During their exposure to light, metals can convert the energy of the 

photons absorbed into heat, which will lead to damage in the nearby tissue. The heating 
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ability of the AuNPs improves the chance of success in photothermal therapy since it allows  

AuNPs to be heated in vivo [52]. The efficiency of the heating is related to the irradiation 

source and conditions [53], [54]. 

It is possible to quantify the heat generated by the nanoparticles through the calculation of 

the heat generated by all the NPs in the solution (equation [2.4]), and this concept is described 

as specific absorption rate (SAR, W.m-3): 

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑁𝑁.𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎. 𝐼𝐼        [2.4] 

The Cabs (from the optical properties) depends on the nanoparticle shape and the laser fluence 

I (W.m-2) can be calculated from the laser specifications, such as the beam diameter and the 

power of the pulses. N represents the number of AuNPs present in the solution/tissue [54].  

 

2.6. Photothermal therapy 

The eradication of tumour cells by increasing its temperature is a technique applied for at 

least a century. The novelty of the photothermal therapy relies on raising the temperature 

only where the tumour is placed, preventing the damage of the surrounding healthy tissues. 

To achieve this goal, nanoparticles, namely AuNPs, have been used to help to deliver energy 

to targeted tumours on  a very short time scale [52]. AuNPs, independent of the shape and 

size chosen for the success of a treatment, present characteristics that favour their 

application such as: easy preparation; tunable optical properties; ready multi-

functionalization; solutions ready to use in an aqueous medium (avoiding the problems with 

organic solvents in the patient) and gold is more chemically inert when compared with other 

metals, which increases the biocompatibility of AuNPs. Studies of short-term exposure 

suggest AuNPs are non-cytotoxic at clinically relevant concentrations. It is important to 

mention that in some tumours the photothermal treatment is conjugated with conventional 

cancer treatments to enhance the destruction of the tumour cells [50], [52], [55], [56]. 
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2.7. Dissociative electron attachment 

Dissociative electron attachment (DEA) is a resonant process by which low-energy electrons 

(LEEs), colliding with a molecule, lead to the dissociation of the molecule producing a neutral 

and an anionic fragment. DEA is a low energy process, constrained to electron energies below 

15 eV, and occurs in LEEs collisions with most common biological molecules including 

the nucleobases and amino acids [57]–[61]. Sanche and co-workers in 2000 demonstrated 

how DEA of the constituent molecules of DNA can lead to rupture of DNA itself [62], 

revolutionizing our understanding of the role of low energy, secondary electrons produced by 

ionizing radiation in DNA damage. DEA has very specific dissociation pathways which 

may allow site specific fragmentation, a phenomena that can be utilised cancer therapy [59], 

[63]. For example several radiosensitisers can be utilised in cancer therapy, such as 5-

bromouracil and 5-fluorouracil, have high DEA cross sections and thus may enhance DNA 

damage if they are present in an irradiated tumour cell. Recently gold nanoparticles have 

been suggested, and trialled, to enhance tumour cell death, with the knowledge they are a 

good source of secondary electrons during irradiation with the capability to induce damage 

of the tumour cell DNA [59], [61], [63]. 

 

 

2.8. Final remarks 

In this chapter, the main concepts necessary to understand the relevance of this study were 

presented as well as an explanation for the adoption of NPs in the development of new 

technologies for cancer treatment associated. In Chapter 3, the methods used in this study to 

better understand the effects of the laser illumination in the AuNPs and DNA response will be 

presented. 
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Materials and Methods 

3. Materials and Methods 

This chapter describes the experimental procedures used to analyse the effect of radiation on 

deoxyribonucleic acid (DNA) and nucleobases and the techniques employed to characterize 

these samples. 

 

3.1. Experimental setup 

In the present study we have used two different sources of irradiation, an ultra-violet (UV) 

lamp and a Neodymium-doped Yttrium Aluminium Garnet (Nd:YAG) pulsed laser, these are 

each described below. 

 

3.1.1. Ultra-Violet irradiation 

Calf thymus DNA solutions (section 3.4) were irradiated for different periods of time by means 

of a 254 nm UVC germicide lamp, model TUV PL-L 55W/4P HF 1CT from Philips®, at an 

irradiance of 1.9W/m2, in a ventilated chamber at room conditions. 

 

3.1.2. Laser irradiation 

Nanosecond (ns) pulses generated with a Minilite I Nd:YAG laser from Continuum were used 

to irradiate  samples of the nucleobases (section 3.3), and the solutions of DNA (section 3.4). 

Aqueous samples with the analytes in study were irradiated in the presence and absence of 

AuNPs. The second harmonic of the laser was used with a wavelength of 532 nm, with a pulse 

length ranging from 3 to 5 ns. The energy was tuned to 16 mJ per pulse. The repetition rate 

chosen was 15 Hz and in Table 3.1 we present the diameter of the focused laser beam at 
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different distances from the focal lens to the irradiated solution. The fluence was determined 

using 𝑭𝑭𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍=𝑬𝑬𝒍𝒍𝒍𝒍𝑬𝑬𝑬𝑬𝑬𝑬 per pulseBeam area × pulse length (W/m2)    

 [3.1]: 

𝑭𝑭𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 = 𝑬𝑬𝒍𝒍𝒍𝒍𝑬𝑬𝑬𝑬𝑬𝑬 𝒑𝒑𝒍𝒍𝑬𝑬 𝒑𝒑𝒍𝒍𝒍𝒍𝒑𝒑𝒍𝒍
𝑩𝑩𝒍𝒍𝑩𝑩𝑩𝑩 𝑩𝑩𝑬𝑬𝒍𝒍𝑩𝑩×𝒑𝒑𝒍𝒍𝒍𝒍𝒑𝒑𝒍𝒍 𝒍𝒍𝒍𝒍𝒍𝒍𝑬𝑬𝒍𝒍𝒍𝒍

 (𝑾𝑾/𝑩𝑩𝟐𝟐)     [3.1] 

where the measured energy per pulse was ≈0.240 W and the pulse length used was 5 ns. The 

size of the focused laser beam was determined with a Vernier calliper and from photographic 

paper irradiated with a single laser shot. 

Table 3.1 – List of laser beam diameter and fluence varying with focal distance. 

Focus distance (mm) Beam diameter (mm) Laser fluence (W/m2) 
0 0.35 4.99 × 1014 
1 0.49 2.55 × 1014 
2 0.58 1.82 × 1014 

3.5 0.78 1.00 × 1014 
5 0.96 6.63 × 1013 
8 1.61 2.36 × 1013 

10 1.98 1.56 × 1013 
 

The experimental setup used in this work is presented in Figure 3.1 and was assembled 

according to the setup reported by Ilko Bald and co-workers [1] allowing direct comparison 

of results. The laser beam is widened to the point where it reaches the sample by a set of two 

lenses from a diameter of 3 mm to 9 mm. Subsequently the beam is guided by a dichroic 

mirror to a further lens (f = 5 cm) and focused into a 3.5 mL quartz cuvette slightly above the 

surface of the solution in study. The cuvette, filled with 2 mL of solution, is placed on a stirring 

plate to continuously stir the solution during the irradiation. The distance of the laser focus 

to the surface of the irradiated solution was varied using a mechanical stage, in order to adjust 

the beam diameter size and in consequence the altered the laser fluence (see Table 3.1) of 

the divergent beam on the surface. The laser fluence, given in Table 3.1, refers to the 

maximum laser fluence at the surface without correction for the beam widening as it passes 

the cuvette towards the bottom. All samples were irradiated with the procedure described 

above.  
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Figure 3.1 – Schematic representation of the experimental setup. 

 

3.2. Sample preparation 

The protocol for the preparation of the samples was based on the dilution of the analyte in 

ultra-high purity water (UHPW). Different concentrations were used for each compound and 

are presented in the chapters 4, 5, 6 and 7, where we discuss the results. The final volume of 

the solutions prepared was always 2 mL placed in a cuvette of high performance quartz glass 

from Hellma®. In the solutions irradiated in the presence of gold nanoparticles (AuNPs), the 

aqueous solutions were prepared with UHPW, in the concentration of the analyte desired for 

the experiment, and the AuNPs were added in the final molar concentration of 47 pM.  

The preparation and concentration of the different nucleobases and DNA solutions are 

explained in detail in the corresponding section. 

 

 

 



42 

3.3. Nucleobases 

The nucleobases used in this work were uracil (U; cas 66-22-8), 5-bromouracil (5BrU; cas 51-

20-7) and 5-fluorouracil (5FU; cas 51-21-8) and their chemical structure is presented in Figure 

3.2.  

   
Figure 3.2 – Chemical structures of the nucleobases used in this work, a) Uracil, b) 5-Bromouracil and c) 5-

Fluorouracil. 

 

Uracil (Figure 3.2a)) presents a maximum absorption spectra at 258 nm, corresponding to the 

π-π* transition [2]. In this work, we have also studied the interaction of a pulsed laser with a 

brominated derivative of uracil, 5-bromouracil (5BrU) with chemical formula C4H3BrN2O2 

(Figure 3.2b)). 5BrU acts as a base analogue, replacing thymine in DNA without substantially 

altering the biological activity and it is known to act has a radiosensitizer which induces DNA 

damage due to its high reactivity with electrons at very low energies [3]–[5]. In the absorption 

spectra its maximum absorption is at 277 nm [2].  

The last uracil derivate used in this work was 5-fluorouracil (5FU), with chemical formula 

C4H3FN2O2 (Figure 3.2c)). 5FU is a commonly drug used in the treatment of solid cancers, such 

as breast, head, skin, colon, stomach and head, and is an analogue of pyrimidine (uracil) [6]–

[8]. Its absorption spectra shows a maximum at 266 nm. All the nucleobases solutions used in 

this work were prepared with UHPW and with a final concentration of 25 μM. 

 

 

 

a) b) c) 
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3.4. DNA  

In the present work, two different types of DNA, calf thymus DNA and plasmid DNA have been 

used. The description of these molecules and proprieties are described in the following sub-

sections. 

 

3.4.1. Calf Thymus DNA 

DNA extracted from the thymus of a calf, also called calf thymus DNA, is usually used as 

substrate for DNA polymerase assays, in the amplification of very long fragments and as a 

carrier DNA for precipitations. Additionally, calf thymus DNA is frequently used in studies on 

DNA binding and to explore damage caused by external agents. One of the main reasons for 

the use of this DNA type by so many researchers is the fact that it closely resembles the 

mammalian DNA structure. In this work, we have used calf thymus DNA (Sigma-Aldrich®) with 

a final concentration of 0.025 mg/mL dissolved in UHPW. 

 

3.4.2. Plasmid DNA  

By definition, a plasmid is a small DNA molecule, circular and double-stranded, with the ability 

of replicate autonomously in a host cell, usually from bacteria, controlling the copy number 

and ensuring that the genomic information is not misplaced during cell division [9], [10]. The 

length of a plasmid can vary from a few to several hundred of kilo base pairs (kbp) containing 

the genomic information essential for plasmid maintenance functions [10].  

In this work, we have used plasmid DNA obtained after growing specific bacteria cultures 

followed by extraction and purification. The protocol involves several steps that are described 

in detail below. The plasmid used for the study of the effect of irradiation with a Nd:YAG 

pulsed laser was pBV-Luc/Del 6 (Plasmid #14969, Addgene®). The size of this plasmid is 4900 

base pairs (bp), and the depositing laboratory was Joan Massague lab. pBV-Luc/Del 6 is an 

circular and double stranded plasmid where the c-myc promoter was inserted between the 
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cloning sites Xhol (which was destroyed) and Pvull (Figure 3.3). The working solutions used in 

this work had a final concentration of 25 mg/mL prepared with UHPW. 

 

Figure 3.3 – pBV-Luc/Del 6 plasmid map representation and schematic view of the insertion Del 6 [11]. 

 

3.5. Gold nanoparticles 

Gold nanoparticles (AuNPs) were used as bought from BBI Solutions (United Kingdom), and 

were in a suspension consisting of sub-micron AuNPs suspended in water, with citrate as 

capping agent to maintain the stability of the AuNPs and avoid their coalescence.  BBI’s 

measurements show that the mean diameter of the AuNPs is between 37.0 and 43.0 nm with 

a number of odd shapes per 100 particles ≤ 5, with a coefficient of variation ≤ 8% regarding 

the size and shape of the nanoparticles (NPs). The diameter assumed in all the experiments 

was 40 nm. The solution was bought as a concentration of 9.00 × 1010 particles/mL and a 

molar concentration of 2.96 × 10−4 𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑜𝑜 𝑔𝑔𝑚𝑚𝑚𝑚𝑔𝑔/𝐿𝐿. After dilution with UHPW, the final 

molar concentration of AuNPs in the solutions to be used in the irradiation experiments was 

47 pM. 
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3.6. Fluorescent Probes 

By definition, free radicals are atoms or molecules with a short life time, unstable and highly 

reactive since they contain unpaired electrons in the valence shell or in the outer orbit, and 

they can cause damage to proteins, DNA and cell membranes by subtracting their electrons 

through an oxidation process [12], [13]. The molecule that suffers the attack itself becomes a 

free radical leading to a chain reaction cascade that ends damaging the molecule or cell. The 

free radical presents the ability of existing independently and the simplest free radical is an 

atom of hydrogen, with one proton and a single electron represented by H• [13], [14]. In the 

present study, free radicals are formed during water radiolysis and play an important role in 

DNA damage processes. These processes are part of the indirect effects of radiation in the 

biological damage of DNA. 

 

3.6.1. Coumarin-3-carboxylic acid 

Coumarin-3-carboxylic acid (3-CCA) is an aromatic organic chemical compound produced in 

plants and it is non-fluorescent in water [15]. The 3-CCA method was developed based on the 

hydroxylation of this compound by OH•, were the reaction produces 7-hydroxycoumarin-3-

carboxylic acid (7-OHCCA, see Figure 3.4) that presents high fluorescent and the intensity of 

fluorescence is proportional to the number of 7-OHCCA molecules in the solution [16].  

O

OH

O
+ OH.

OOH O

O

OH

3-CCA 7-OHCCA  
Figure 3.4 – Representation of 3-CCA hydroxylation and the major fluorescent product 7-OHCCA. 

 

7-OHCCA has excitation bands at 320-370 nm and 380-400 nm and emission with maximum 

at 450 nm. The OH• attacks the aromatic ring of the coumarin after the exposure to a radiation 
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source and the resulting molecule 7-OHCCA remains in the reaction mixture following 

stabilisation of the chemical system, making its analysis and detection easier [15]–[18]. 

Yamashita and co-workers (2012) have reported that 3-CCA is suitable for measuring OH• 

yields from water radiolysis and it is generally accepted that hydroxyl radicals are one of the 

main species produced during these processes. 

A stock solution of 3-CCA (Sigma Aldrich®) 5 mM was prepared in 3% phosphate-buffered 

saline (PBS) at room temperature until the 3-CCA was fully dissolved. The pH was then 

adjusted to 7.4 with a solution of hydrochloric acid (HCl 1 M). A calibration curve was prepared 

with several dilutions, in PBS, of the stock solution with steps of 0.05, 0.25, 0.5, 1.25, 2.5 and 

5 mM and the fluorescence intensity was measured, in quadruplicate, with a FLUOstar 

OPTIMA FL - Microplate Reader from BMG LABTECH, using the emission wavelength of 450 

nm, excitation of 390 nm and a gain of 1500. After deriving the calibration curve, the solutions 

were measured in presence and absence of AuNPs and with 3-CCA with a final concentration 

of 2.5 mM. The samples were irradiated with Nd:YAG pulsed laser up to 30 minutes and 

fluorescence intensity was measured in quadruplicate for each exposure time. Control 

samples were carried out in presence and absence of AuNPs. 

 

3.6.2. Dihydrorhodamine-123 

To quantify the amount of H2O2 (hydrogen peroxide) and its effect on DNA damage in our 

experiments we have chosen the probe dihydrorhodamine-123  (DHR-123) that is known to 

oxidise in presence of this free radical [19]. DHR-123, as 3-CCA, is a non-fluorescent 

compound that after oxidation originate a chemical highly fluorescent, rhodamine-123, a 

cationic red fluorescent dye (Figure 3.5) [20]. Rhodamine-123 presents an excitation band at 

500 nm and emission wavelength at 536 nm. Although DHR-123 is oxidised by H2O2, it also 

can be oxidised by other free radicals, thus one of its disadvantages is the low specificity [20], 

[21].  
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Figure 3.5 – Representation of the oxidation of dihydrorhodamine-123 and the resulting fluorescent product 

rhodamine-123. 

According to Imbeault & Gris, 2013, one of the most accurate and reproducible methods to 

evaluate oxidative activity is using DHR-123 since this chemical has a low cost, large 

commercial availability and a high quantum yield  allowing non-invasive detection and low 

interference with underlying metabolic processes [22]. However, it is important to recognise 

that above 5 mM (aqueous solution) the fluorescence deviates from linearity, and  the 

intensity decreases at higher concentrations [22]. 

Stock solutions of DHR-123 (5 mM, Sigma Aldrich®) were prepared in 3% PBS at room 

temperature. The pH was then adjusted to 7.4 with a solution of hydrochloric acid (HCl 1 M). 

The fluorescence intensity was measured for the samples in both the presence and absence 

of AuNPs and with 2.5 mM DHR-123 (final concentration). The samples were irradiated using 

a Nd:YAG pulsed laser for up to 30 minutes and fluorescence intensity was measured, in 

quadruplicate, with a FLUOstar OPTIMA FL - Microplate Reader from BMG LABTECH, using 

the emission wavelength of 544 nm, excitation of 485 nm and a gain of 1500, for each 

exposure time. Control samples were carried-out. 

 

3.6.3. Hydroxyl scavenger – Ethanol 

Ethanol was chosen to evaluate the effect of hydroxyl radicals, as an OH• scavenger, and the 

effects on the DNA molecules after laser exposure were studied. A small volume of pure 

ethanol was added to the irradiated solutions with AuNPs to achieve the final concentration 

of 5 % ethanol. After the different periods of laser light exposure (up to 30 minutes), aliquots 
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were placed into a 96 wells plate and the fluorescence was measured with the same 

equipment described above. All measurements were performed in quadruplicate and a 

control sample was measured too. A volume of 4 μL (plasmid solutions with EtOH) of all the 

periods of irradiation was loaded on a agarose gel and the bands were revealed with a UV gel 

doc system (G:BOX Chemi XX9 from Syngene). The results where compared with control 

samples irradiated for the same periods in order to evaluate the role of the OH• radicals in 

the solutions. 

 

3.7. Plasmid DNA production  

For this work, batches of plasmid DNA were produced following the protocol described below. 

 

3.7.1. Protocol for bacteria growth 

Plasmid samples were prepared for irradiation with Nd:YAG pulsed laser in both the presence 

and absence of AuNPs. For the incubation of the bacteria, two solutions of Luria-Bertani broth 

(LB Broth, Sigma, L3022 - concentration of 20 g/L) were prepared. To one of the bottles 7.5 

g/L of agar was added in order to have solid medium. Both solutions were autoclaved 

(Meadowrose scientific LTD®, serial n°1316). After sterilisation, ampicillin (Sigma, A9518, 50 

µg/mL solution in UHPW) was added to the medium at a temperature below 36 °C and poured 

into sterile Petri dish (Cellstar, Greiner Bio-One®) to set at room temperature. It is important 

to note that the antibiotic was previously sterilized, passing the solution through a Terumo® 

syringe without needle (Terumo, SS+01T1) with a 0.45 µm pore size filter (Millex®HA, 

SLHA033SS) coupled. This step is very important to avoid the growth of undesired colonies. 

Finally, a loop of the bacteria pBV-Luc/Del6 stock solution was streaked onto plates and 

incubated overnight at 37 °C. The procedure described was carried in a vertical laminar airflow 

cabinet to avoid cross contamination. 
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3.7.2. Incubation, extraction and purification of DNA 

Next day, single colonies of bacteria were picked for amplification. Each colony was 

inoculated in LB medium, containing ampicillin, for 4h at 37 °C while shaking at 100 rpm. After 

this time lapse, 1 mL of this solution was added to 100 mL of LB medium and incubated for 

14h at 37 °C while shaking at 100 rpm, to amplify the bacteria present in the medium. The 

solution was then centrifuged at 6000 x g, 4 °C for 30 min. The pellet resulting from this step 

was air dried for at least 1 h. To extract the plasmid to make working solutions, we used the 

Qiagen plasmid maxi kit (Qiagen®) and followed the provided protocol [23] without further 

modifications. The pellet of plasmid extracted was dissolved in a small volume of nuclease-

free water (Invitrogen, Thermo ScientificTM) and the concentration and purity of the DNA was 

measured with a NanoDrop™ One Microvolume UV-Vis Spectrophotometer (Thermo 

Scientific™). 

 

3.8. Characterization of DNA damage techniques 

The damage caused in the DNA after laser illumination was characterized using both 

spectrophotometric and gel electrophoresis techniques described below.  

 

3.8.1. Spectrophotometric measurements 

Spectrophotometric measurements allow one to measure the amount of light absorbed by a 

substance by determining the intensity of light as a beam of light passes through sample 

solution. The principle is based on the fact that each compound absorbs or transmits light 

over a certain range of wavelength. From this method is possible to quantify the amount of a 

known substance. 
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3.8.1.1. UV-Vis absorption spectroscopy 

Ultra-Violet Visible (UV-Vis) spectroscopic measurements were performed using 

a Thermo Scientific Evolution 201 (United Kingdom)  spectrometer operating over the 

spectral range of 190 to 800 nm, scan speed of 200 nm/min, with a bandwidth of 1 nm and 

data intervals of 0.2 nm and using quartz cuvettes with a 1 cm light path.  The spectra were 

normalized by subtracting a so-called blank sample containing the solute. All the spectra were 

acquired after irradiation with ns pulsed laser. UV-Vis spectra were recorded after specific 

illumination periods in order to determine the localized surface plasmons resonance (LSPR) 

of the AuNPs and the π- π* resonance of the analytes. 

UV-Vis spectroscopy is also a technique used to determine DNA purity. The concentration of 

DNA on a sample is determined from  𝐶𝐶 = 𝐶𝐶𝐶𝐶 × 𝑆𝑆𝐴𝐴𝐴𝐴260, with the conversion factor (CF) of 50 

ng/μL for double-strand DNA (dsDNA), when absorbance is equal to 1 and the optical path 

length is 1 cm. It is also possible to determine the concentration of RNA and single-strand 

DNA (ssDNA) using the CF of 40 ng/µL and 33 ng/µL, respectively. This equation derives from 

a transformation of the Lambert-Beer law, 𝑆𝑆 = 𝜀𝜀 × 𝐶𝐶 × 𝑚𝑚 [24], [25]. Considering that the 

maximum absorption of the nucleotides, RNA, ssDNA and dsDNA is in the vicinity of 260 nm, 

all these molecules will contribute to the total absorbance on this region and thus mask the 

quantity and quality of the DNA present [25]–[27]. Therefore, ratios for the absorbance 

measured at 230, 260 and 280 nm are calculated. The ratio of absorption A260/A280 is used to 

assess the purity of DNA or RNA and is usually accepted that values higher than 1.8 indicate 

pure DNA [24], [25]. As the commonly contaminants of DNA samples (for instance protein, 

carbohydrates or certain salts ) absorb in the vicinity of 280 nm, a decrease of this ratio signals 

the above mentioned contamination (for values lower than 1.8) [24], [25], [27]. On the other 

hand, A260/A230 ratio is a sensitive indicator of other contaminants, such as phenol, chaotropic 

salts and non-ionic detergents that absorb at 230 nm. Hence, values expected for this ratio 

are in the range of 2.3-2.4 for pure DNA with values below this range indicating sample 

contamination [24], [25], [27].  

In this study, the concentration and purity of the extracted plasmid DNA were assessed with 

a Nanodrop spectrophotometer. Table 3.2 presents the measured values of the absorbance 

at 260 nm, 280 nm and 230 nm and the calculated DNA concentration and purity ratios. The 
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extraction led to pure DNA since the A260/A280 and A260/A230 ratios were 1.9 and 2.3,  

respectively, which is considered to be pure DNA and suitable for use in most downstream 

applications [24], [25].  

Table 3.2 – Concentration and ratios obtained for the plasmid DNA extracted. 

 
Nucleic Acid 

(ng/μL) 
A260/A280 A260/A230 A260 A280 A230 

Plasmid DNA 415 1.9 2.3 8.3 4.4 3.6 

 

3.8.1.2. Fluorescence spectroscopy 

Fluorescence is the phenomena of light emission from a molecule after its excitation with 

light energy or photons. Photoabsorption will raise an electron to an excited state that 

undergoes rapid thermal energy loss to the environment through vibrations, with a photon 

being emitted from the lowest-lying singlet excited state. Fluorescence typically occurs from 

aromatic molecules. In this study, we have investigated the fluorescence intensity of 

fluorogenic probes mentioned in section 3.6. after exposition to laser light up to 30 minutes, 

in both presence and absence of AuNPs. The equipment used for these measures was a 

microplate reader (BMG Labtech®, FLUOstar Optima) and the wavelengths of excitation and 

emission for each probe are mentioned in section 3.6, and Figure 3.6 presents the schematic 

operation of the spectrophotometric fluorescence equipment. 

 

Figure 3.6 – Schematic of the measurement of fluorescence intensity. Adapted from [28] 
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3.8.2. Plasmid DNA in electrophoresis 

The separation, identification and purification of DNA, nucleic acids or proteins can be 

achieved using a simple standard method of electrophoresis through agarose or 

polyacrylamide gels. Both types of gels are porous, the size of the pores depending on the 

concentration of the polymeric matrices. It is important to choose the type of electrophoresis 

to analyse the samples carefully considering the initial size, fragments size and type of sample 

in study (DNA, proteins, cells, among others). During electrophoresis, the sample is submitted 

to an electrical voltage, which moves the negatively charged ions towards the positive 

electrode and vice-versa. The separation of the analytes can be achieved since different ions 

migrate at different rates.  

In the present work we have used agarose gel electrophoresis (AGE) to separate and analyse 

DNA fragments produced by Nd:YAG ns pulsed laser and the samples migrated from the 

negative towards the positive electrode since DNA is negatively charged due to its backbone 

phosphates.  

 

3.8.2.1. Agarose Gel Electrophoresis 

AGE is one of several physical methods for determining the size of DNA and the most effective 

method for separating the fragments with sizes ranging from 100 bp to 25 kbp. Agarose is a 

polysaccharide isolated from the seaweed genera Gelidium and Gracilaria, and consists of 

repeated agarobiose (L- and D-galactose) subunits. The molecular separation properties are 

determined during the gelation of the agarose where the polymers associate non-covalently 

and form a network of bundles leading to the formation of different pores sizes depending 

on agarose concentration. In this method, DNA is forced to migrate through a highly cross-

linked agarose matrix in response to an electric voltage. In solution, the phosphates of the 

DNA are negatively charged, and the molecule will therefore migrate to the positive pole. The 

rate of migration of a DNA molecule through a gel is determined by the following: 1) the size 

of DNA molecule; 2) the agarose concentration; 3) the conformation of the DNA; 4) the 
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voltage applied, 5) the presence of ethidium bromide, 6) the type of agarose and 7) the 

electrophoresis running buffer. The scheme of typical system for AGE is shown in Figure 3.7.  

 

Figure 3.7 – Agarose electrophoresis system [29]. 

 

Regarding the protocol for using AGE, first the agarose gel is placed into an electrophoresis 

tank (wells will be on the negative part of the tank) filled with the buffer solution chosen. The 

second step is to load the DNA samples with the loading buffer (which ensure the sample will 

“sit” on the well and allow visual monitoring of the bands running) into the pre-cast wells. 

After this step, one should programme the power supply with the voltage required and start 

the run. After separation, the DNA molecules can be visualized under UV light after staining 

with an appropriate dye.  

The AGE method has the following advantages: 1) it is simple and rapid to cast; 2) the gel 

medium is nontoxic; 3) it is good for separating large DNA molecules; and 4) it is possible to 

recover the samples. The disadvantages of this technique are: 1) the high cost of the agarose; 

2) the bands can appear fuzzy and/or spread apart; and 3) for low molecular weight samples 

the separation yield is low [30]–[32]. 

 



54 

3.8.2.2. Migration of plasmid DNA in agarose  

Plasmid DNA usually has two or three forms when it runs on agarose gel and the fragments 

will migrate according to their conformation, which will correspond to the bands revealed in 

the gel. The first is the supercoiled form (Figure 3.8), the native conformation of DNA found 

in vivo which occurs when the double helix strand has extra twists that introduce tension to 

the strands. Supercoiled forms are the ones that migrate faster in the gel due to its 

conformation since fragments become smaller in size and hence experience less frictional 

resistance from the gel. It corresponds to one of the forms that we need always to visualize 

on the control sample in the gel, since it shows that plasmid purification was successful. The 

second conformation always present on the control sample after DNA extraction is the 

relaxed or nicked form (Figure 3.8) and it is the slowest migrating on AGE since it is a large 

relaxed circle, increasing the size of the fragment and frictional resistance from the gel. This 

relaxed conformation is formed during DNA replication. The access to the supercoiled forms 

for replication is not easy and the enzymes (topoisomerases) will cut one strand of the DNA 

helix and relax the superhelical tension. The third most common conformation of plasmid 

DNA is the linear (Figure 3.8) one, which appears between the two previous. Linear DNA 

results from the cut in both strands at the same place and it is usually related with DNA 

damaged, contamination or harsh treatment during the purification process [33]. 

 

Figure 3.8 – Plasmid DNA conformations and migrations on agarose gel electrophoresis [34]–[36]. 

 
Just one break in one of the strands of DNA double helix, called as single-strand break (SSB), 

converts a supercoiled molecule into a relaxed one. A supercoiled (form I) DNA molecule is 
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converted into a relaxed circle (form II) as soon as one of the polynucleotide chains is nicked. 

When both strands are broken, i.e. double-strand break (DSB), the molecule becomes linear 

in shape (form III) [37]. 

 

3.8.2.3. Gel concentration and buffer solution 

As stated above, the concentration of the polymer will determine the size of the pores in the 

gel. This is governed primarily by the amount of total agarose used per unit volume and the 

degree of cross-linkage. The latter is determined by the relative percentage of agarose used. 

The percentage of agarose used depends on the size of fragments to be resolved. The 

concentration of agarose is referred to as a percentage of agarose to volume of buffer (w/v), 

and agarose gels are normally in the range of 0.2% to 3% [38]. The higher the concentration 

of agarose, the slower the DNA fragments migrate, thus when one wants to resolve smaller 

DNA fragments a high concentration of agarose should be used. It is very important to 

optimize the gel concentration in order to separate the DNA bands in study. The 

concentration of agarose according with the DNA size in base pairs (bp) is presented in Table 

3.3. 

Table 3.3 – Agarose gel concentration for resolving DNA molecules. 

Concentration of agarose (%) DNA size range (bp) 
0.2 5000 – 40000 
0.4 5000 – 30000 
0.6 3000 – 10000 
0.8 1000 – 7000 
1 500 – 5000 

1.5 300 – 3000 
2 200 – 1500 
3 100 – 1000 

 

Another important factor to consider for an effective separation of the nucleic acids is the 

buffer solution selection for the assay. It is important to keep  the pH of the system constant 

as well as the ionic strength (salt content), since without salt, the electrical conductance is 

marginal and the DNA barely moves [39]. Buffers not only establish a pH but also provide ions 
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to support conductivity. Several different buffers have been recommended for 

electrophoresis of DNA, however the most commonly used for DNA are TAE (Tris-acetate 

EDTA) and TBE (Tris-borate-EDTA). DNA fragments migrate with different rates in these two 

buffers due to differences in ionic strength. 

 

3.8.2.4. Ethidium bromide staining 

One of the most commonly used dyes to reveal DNA bands on an AGE is ethidium bromide 

(EB). EB is a fluorescent dye that intercalates between bases of nucleic acids and allows very 

convenient detection of DNA fragments in gels. The localization of DNA within the agarose 

gel can be determined directly by staining with low concentrations of EB and, after the 

electrophoretic running, the bands are revealed under UV light. The EB can be incorporated 

into agarose gels or included on the gel and buffer solution or the gel can be stained after 

DNA separation or added to samples of DNA before loading to enable visualization of the 

fragments within the gel. It is important to note that EB is a potent mutagen and moderately 

toxic after an acute exposure. Therefore, it is highly recommended to handle it with 

considerable caution.  

In these studies, EB was added directly to the agarose gel, when its temperature was below 

50 °C to avoid spillage and minimize exposure to this hazard. 

 

3.9. AuNPs size distribution techniques  

The effect of the Nd:YAG pulsed laser on the size of the AuNPs was evaluated with two 

different techniques described below. 
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3.9.1. Dynamic Light Scattering 

Dynamic light scattering (DLS) analysis of AuNPs irradiated was  performed using a Nanotrac® 

Flex 180° backscattering DLS system (Microtrac, UK) equipped with a red laser 

(780 nm, 5 mW) and a photodetector. This system measures the AuNPs size distribution of 

the samples in the range of 0.8 nm to 6.5 μm due to the applied heterodyne 180 ° back 

scattering principle. Heterodyning can be described as a signal processing technique that by 

combining two frequencies is able to originate a new frequency, being highly selective in the 

nano-range. The measuring is based on the focusing of the laser, through an optical fiber, and 

a sapphire window that will reflect a part of the incoming light (Figure 3.9). The diode detector 

will measure the scattered and reflected laser light and the fluctuating part of the signal is 

modulated by the Brownian diffusion of the particles and transformed into a power spectrum, 

which is referenced by the laser frequency. The size distribution of the particles in the sample 

results from the power spectrum, without assumption of any distribution model [40]. 

 

Figure 3.9 – Scheme of the 180° DLS-method [41]. 

 

For measuring the hydrodynamic size of the gold nanoparticles and their modifications with 

the increase of laser light exposure, 10 µl of AuNPs solutions were placed on the sample 

holder and were analysed in triplicate. Each measurement had an average of 30 seconds runs. 
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3.9.2. Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) technique is based on the irradiation of the samples 

placed in the specimen holder with an electron beam and the diffracted electrons are 

converged by the objective lens to form a focused diffraction pattern or a diffraction spot at 

the back-focal plane of the objective lens (Figure 3.10). A phosphor screen is used to observe 

the images. The basic structure of the TEM consists of an electron gun, magnetic lens, image 

forming lens system with an objective, intermediate and projection lens, a phosphor screen 

placed under the projection lens (Figure 3.10). 

 

Figure 3.10 – TEM in at The Open University. Photograph taken by author of this thesis. 
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The AuNPs size distribution was measured by TEM imaging using a JEM-2100 TEM microscope 

(JEOL®, USA) at an accelerating voltage of 100 kV and a magnification from x50000 to 

x200000. 2 µl of AuNPs solution was air-dried overnight on an electrostatically discharged 

carbon mesh grid before electron microscopy. The nanoparticle’s size was measured from 

thresholded TEM images using ImageJ® software, with area of the AuNPs being obtained. The 

AuNPs diameter was calculated from the area values from the 2D images, assuming that each 

AuNPs shape is a sphere, with projected area. 

 

3.10. Chemicals 

The chemicals and deoxyribonucleic acid (DNA) used in this work are listed in Table 3.4 and 

were used without further purifications. The aqueous solutions used in the present study 

were prepared with UHPW with quality of 18.2 MΩ.cm. 

Table 3.4 – List of chemicals 

Compound Manufacture Purity (%) CAS/Catalogue number 
U Sigma-Aldrich ≥99.0% 66-22-8 
5BrU Sigma-Aldrich 98% 51-20-7 
5FU Sigma-Aldrich ≥99%  51-21-8 
DNA sodium salt from calf thymus Fluka - 73049-39-5 
pBV-Luc/Del-6 Addegene - 14969 
Ethanol Sigma-Aldrich ≥99.8% 64-17-5 
SeaKem® LE Agarose Lonza - 50004 
Gold nanoparticles 40nm BBI Solutions - EM.GC40 
Coumarin-3-carboxylic acid Sigma-Aldrich 99% 531-81-7 
Dihydrorhodamine-123 Sigma-Aldrich ≥95%  109244-58-8 
Phosphate-buffered saline Sigma-Aldrich - MFCD00131855 
Trizma® base Sigma-Aldrich ≥99.0 77-86-1 
Boric acid Sigma-Aldrich ≥99.5% 10043-35-3 
Ethylenediaminetetraacetic acid  Sigma-Aldrich ≥99% 6381-92-6 
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Development of a DNA Biodosimeter for UV 
radiation1 

4. Development of a DNA Biodosimeter for UV radiation 

4.1. Abstract 

Ultraviolet (UV) radiation has a strong influence in the damage of deoxyribonucleic acid 

(DNA). In this work, the possibility of a DNA UV radiation dosimeter is evaluated. For that, calf 

thymus DNA samples, thin films and aqueous solutions, were irradiated with 254 nm 

wavelength light during different periods of time, being the damage caused by the irradiation 

analysed by both UV-visible and infrared spectroscopies. As the DNA is a polyelectrolyte, the 

pH of the DNA samples was also considered as a variable.  Results demonstrated that damage 

in DNA takes place in both thin films and solutions when irradiated at 254 nm, as revealed by 

a consistent decay in measured absorbance values. However, DNA solutions were seen to give 

more reliable results as the induced damage is easily measured. For this case, the absorbance 

at 260 nm was seen to exponentially decrease with the irradiation time as a result of radiation 

damage with the kinetics damage strongly dependent of pH. Consequently, the lifetime of 

such dosimeter device can be chosen by changing the pH of aqueous solutions. 
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4.2. Introduction 

The use of radiation for medical procedures, in particular for diagnostic and therapy purposes, 

has dramatically increased over the years [1]. Mechanisms of justification of procedures and 

management of the patient dose are employed to avoid unnecessary or unproductive 

radiation exposure in diagnostic and interventional procedures. Dose constrains are 

appropriated to comforters and carers, and volunteers in biomedical research but regarding 

the therapeutic applications, it is not considered appropriate to apply dose limits or dose 

constraints, because such limits would often do more harm than good [2]. 

The effects induced on biological systems by electromagnetic radiation are due to the energy 

transfer into the medium with absorption of the radiation [3]–[5], and are characterized by a 

series of events which differ (and are classified) according to their reaction time scale, leading 

ultimately to biological damage [3]. These events can thus be divided into three groups: 1) 

Physical –interactions between the charged particles and the tissues atomic structures, which 

leads to ionization and concomitant formation of ionic radicals, in an extremely short time 

frame (around 10-18 s); 2) Chemical – formation of ion pairs through an ionization process, 

which leads to formation of free radicals and chemical bonds rupture (around 10-6 s); and 3) 

Biological – follows from bond rupture and is characterized by altering the proper physiology 

of cells or even cells death [5] the time that biological damage takes place after chemical 

bonds rupture is usually long, ranging from a few hours to several days, weeks, months, or 

even years.  

When a cell is irradiated there are two types of changes which can occur, directly on the 

cellular component molecules or indirectly on water molecules, causing water-derived 

radicals. Radicals react with nearby molecules in a very short time, resulting in breakage of 

chemical bonds or oxidation of the affected molecules. The major effect in cells is DNA breaks 

[6]–[10]. Ionizing radiation can also lead to structural changes in several macromolecules 

present in cells. In nucleic acids, changes are essentially loss or damage of bases, thymine 

dimmers formation, single or double strand breaks and also DNA-protein dimmers formation 

[11], [12]. 
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DNA is featured an interesting anionic polyelectrolyte having a unique double helix structure 

[13] that can be used for many purposes. For example, on the basis of hydrogen bonding 

properties of DNA base pairs, oligonucleotide probes have been recently designed to detect 

tumour gene and various biosensors were also proposed [14], [15]. Also, DNA aqueous 

solutions are of special interest, mainly in the development of biological sensors [7], [10]. 

Moreover, the DNA sequence defines the genetic information that commands the 

development of any living being and its main vital functions [6], [16], [17]. Since DNA plays an 

important role in the maintenance of the genetic information, any modification in this 

macromolecule has significant effects at the cellular level [18], [19]. Thus many efforts have 

been taken to delineate the mechanisms of formation and the chemical structures of the DNA 

modifications produced by genotoxic compounds, including also ionizing (X, gamma, heavy 

ions) and non-ionizing (ultraviolet (UV) and  visible light) radiations [20].  

The effects of ionizing radiation on DNA have been investigated in detail during the last three 

decades but one of the most common environmental health hazards that cause highly toxic 

effects is the UV radiation [1], [11], [12]. It should be referred here that UV radiation is 

classified as UVA (315-400 nm), UVB (290-315 nm), and UVC (280-100 nm). Most UVC is 

absorbed by the ozone layer, and only UVA and UVB compose ground level UV radiation [14], 

[21].  This is because, firstly, certain biomolecules such as proteins and nucleic acids have 

chromophores that absorb in the UV region of the spectrum. Under high UV fluxes, these 

molecules are photo-chemically degraded or transformed, resulting in impairment or even 

complete loss of biological function. The magnitude of damage caused by these so-called 

direct or primary mechanisms is determined by the amount of radiation absorbed 

(absorbance cross-section) and the quantum yield of photo-damage (molecules damaged per 

photon absorbed).  

One class of UV toxicity effects is caused by a series of indirect mechanisms. UV is absorbed 

by some intermediate compound (photosensitising agent) either inside or outside the cell to 

produce reactive oxygen species (ROS) [22]. The resulting high energy oxidants such as 

hydrogen peroxide, superoxide or hydroxyl radicals can then diffuse and react with other 

cellular components with sites of damage that can be well away from the site of photo-

production. Regarding genetic damage, nucleic acid bases absorb maximally in the UVC range, 
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with peak absorbance around 260 nm, and exhibit a tail that extends well into the UVB [22]. 

This absorbed energy results in the first excited singlet state, with a lifetime of only a few 

picoseconds. Most of this energy is dissipated by radiation less processes inside the molecule, 

but a small fraction is available for a variety of chemical reactions. This can result in the photo-

damage of nucleotides [22], with a two- to four-fold greater effect on pyrimidines (thymine 

and cytosine) relative to purines (adenine and guanine). In addition, three principal 

photoproducts are formed by the UV-induced reactions: (a) 5,6-dipyrimidines, which are 

cyclobutane-type dimers, generally referred to simply as pyrimidine dimers; (b) 

photohydrates; and (c) pyrimidine (6—4) pyrimidones, often referred to as (6—4) 

photoproduct [22]. For example, skin aging, eye damage, and skin cancer are some of the 

most harmful effects known. This is because of increased production of cellular reactive 

oxygen species and by direct DNA damage, and if the DNA damage  is not properly repaired, 

will lead to mutations and interferes with many cellular mechanisms (e.g. replication, 

transcription, and the cell cycle) [1]. 

If one intends to develop a device which allows the measurement of light dose based on 

biological materials, it should be chear that there are three kinds of biologic markers: 

exposure (dose), effect and susceptibility markers. Biologic markers of effect record biologic 

responses in individuals who have been exposed to a genotoxic agent, but markers of dose 

do not necessarily indicate effects. Superimposed on this are susceptibility markers; those 

that could be used to identify persons who are at increased risk of developing a disease that 

could be triggered by a radiation exposure. Included here might be organisms whose ability 

to repair DNA damage is limited [23].  

Biological dosimetry does not measure the exposure in real time but the biological changes 

induced by radiation. There are both indicators of exposure or effects. Often the two aspects 

overlap as in the case of deterministic effects induced by high-doses, as for the acute radiation 

syndrome clinic that is characterized by damages in skin, haematopoietic, gastrointestinal, 

and cerebrovascular systems. In the case of stochastic effects, induced by low doses, the 

biomarkers used to measure the absorbed dose, not always imply a clear detriment of health. 

It has been, however, often demonstrated that an increase in the frequency of these 

indicators is associated with an increased risk of radiation-induced cancer and may be 
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indicative of radio-sensitivity [2]. According to [2], for a biodosimeter to be effective the 

following features are determinant: 1) measurement on tissues or fluids easily obtainable; 2) 

the effect must be specific of radiation; 3) response should vary directly depending on the 

dose; 4) it has to measure also chronic or repeated exposure; 5) it must be possible to 

measure retrospectively exposure also after years and 6) the measurement must be simple, 

fast or automated.  

A simple method of analyse the effect of UV radiation on DNA is the measurement of AC 

electrical conductivity of DNA thin films [24]. Such study revealed that electrical conduction 

arises from DNA chain electron hopping between base-pairs and phosphate groups being the 

hopping distance a value of 3.3899±0.0002 Å which coincides with the distance between DNA 

base-pairs. Moreover, the loss of conductivity of DNA samples follow the decrease in 

phosphates groups with irradiation time, suggesting the use of DNA based films for UV 

radiation sensors [24]. Based in these achievements, in this paper, a new biological dosimeter-

based radiation-induced lesions in DNA is proposed, where the damage caused by radiation 

is obtained by UV-visible (UV-Vis) and infrared spectroscopies and related to radiation 

exposure.  

 

4.3. Materials and methods 

Ultra-pure water and DNA hydrophilized in sodium salt form (DNA sodium salt from calf 

thymus, CAS 73049-39-5, acquired from Fluka®) was used for the preparation of DNA aqueous 

solutions. Its dissolution is favoured by the presence of sodium ion (counter-ion), allowing the 

preparation of aqueous solutions with anionic character. The concentration of the DNA 

solutions was 0.025 mg/mL DNA. The pH value of the DNA aqueous solution was 6, these 

solutions are also designated as natural solutions or pHN. In order to obtain DNA solutions 

with pH=9 and pH=3, the pH was adjusted to basic or acid with NaOH (1M) and HCl (1M), 

respectively.  
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Cast films were obtained by the drop casting method, i.e., depositing some drops of the DNA 

aqueous solutions with different pHs onto calcium fluoride (CaF2) solid supports. These 

samples were placed in a desiccator during several hours to dry. 

Solutions and cast films were irradiated for different periods of time by means of a 254 nm 

UVC germicide lamp, model TUV PL-L 55W/4P HF 1CT from Philips®, at an irradiance of 

1.9 W/m2, in a ventilated chamber at room conditions. 

The DNA damage was monitored in aqueous solutions by measurements of UV-Vis spectra 

after each irradiation period in a spectrometer (UV 2101PC, Shimadzu®) while the thin films 

were characterized with a Fourier-transform infrared (FTIR) spectrometer Thermo Scientific 

Nicolet-model 530 (Waltham, MA, USA). 

 

4.4. Results and discussion 

According to [25], to develop a reliable system for measure the UV light dose, one have to 

search for material that would present the most adequate features: (i) high transmittance to 

UVB and UVA wavelengths; (ii) resistance to environmental adversities; (iii) possibility of 

framing the shape of the template according to the aim of the experiment; and (iv) low cost. 

Having into account such advices and the conclusions achieved by [24], it seemed that the 

use of DNA thin films should be interesting for the development of a UV dosimeter. 

Consequently, DNA cast films deposited onto CaF2 and quartz were prepared from DNA 

aqueous solutions with pH 3, 6 (N) and 9.  These films were irradiated with 254 nm UV 

radiation for different periods of time and the UV-vis and infrared spectra were measured for 

the different irradiation times.  As expected, in the absence of water, the changes caused by 

radiation are minimal as can be inferred from the infrared spectra of the DNA cast films 

prepared from DNA aqueous solutions (pHN) before and after UV irradiation for 15 h, 

displayed in Figure 4.1. The observed peaks in the spectra are in accordance with [26] where 

the infrared absorbance peaks were systematically assigned to the respective DNA groups. 

Accordingly the range of wavenumbers contained between 1250 and 900 cm-1 are associated 

with the phosphate backbone region while 1500–1250 cm-1 and 1800–1500 cm-1 
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wavenumber regions are associated to DNA bases vibrations influenced by the sugar 

component and to DNA bases, respectively [26]. 

 

Figure 4.1 – FTIR spectra of DNA casted films prepared from solutions at natural pH (pH 6) conditions before 

and after irradiation with UV-light at 254nm wavelength during 900 min (15 h).  

 

Since UV radiation has effect on DNA phosphates groups as demonstrated by Gomes et al 

[27], the values of absorbance at 1097 cm-1, assigned to the presence of symmetric 𝑃𝑃𝑃𝑃2− 

stretching of backbone in the DNA molecules [26], were plotted in Figure 4.2 as a function of 

the irradiation time for samples prepared from DNA aqueous having different pH. Generally, 

an absorbance decay is observed. However, these measurements are always tricky due to 

baseline fluctuations and also if the molecules concentration seen by the beam is not 

identical–leading to absorbance deviations. To circumvent this drawback, the analysis of the 

effect of UV radiation at 254 nm was carried out on DNA aqueous solutions prepared at 

different pHs. 
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Figure 4.2 – Absorbance at 1097 cm-1 after baseline subtraction versus irradiation time for the different DNA 

cast films prepared from aqueous solutions with different pHs. 

 

Figure 4.3a), b) and c) present the UV-vis spectra obtained for the DNA aqueous solutions 

with pH=3, pH=6 and pH=9, respectively, irradiated during different periods of time. The 

obtained results point out that the DNA solutions with pH=3 (Figure 4.3a) tend to be more 

sensitive to higher times of UV light exposure since the absorbance at 260 nm for 900 minutes 

of irradiation was the lowest value found for the different DNA solutions studied. The 

baselines changes can be due to the light scattering of smaller molecules, originated by the 

cleavage of DNA molecule during the irradiation, as demonstrated by [24]. 
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Figure 4.3 – Absorption spectra of DNA solutions with: a) pH=3; b) pH=6 (natural) and c) pH=9; irradiated with 

254 nm wavelength light for different periods of time. 

 

The obtained results are in accordance with literature as similar behaviours and patterns are 

observed by [28], where the disinfection of water was studied and they present the effect of 

UV radiation on the spores.  

For a better comparison, the absorbance values at 260 nm, after removing the baseline (i.e. 

subtracting the value of the absorbance at 350 nm), were normalized, for each pH, and 

plotted as a function of the irradiation time in Figure 4.4. Several attempts have been done 

to find the best equation to model the experimental data. The normalized experimental data 

(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁) was found to be best fitted by an exponential like expression as follows: 
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𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝐴𝐴𝐴𝐴𝐴𝐴260𝑛𝑛𝑛𝑛
𝐴𝐴𝐴𝐴𝐴𝐴0260𝑛𝑛𝑛𝑛

= 𝑒𝑒𝑒𝑒𝑒𝑒 �−�𝑡𝑡
𝜏𝜏
�
𝑛𝑛
�    [4.1] 

in which  𝑁𝑁𝑁𝑁𝑁𝑁260𝑛𝑛𝑛𝑛 is the absorbance at 260 nm, 𝑁𝑁𝑁𝑁𝑁𝑁0260𝑛𝑛𝑛𝑛 corresponds to the initial (at the 

beginning of the experiments) absorbance at 260 nm, t the time in minutes, τ is the 

characteristic time or time constant and n is a constant which can be related with the order 

of the kinetics process [29] with respect to radiation damage. 

 

Figure 4.4 – Normalized absorbance at 260 nm after removing the baseline versus irradiation time for the 

different solutions. The lines correspond to the fitting with equation [4.1]. 

 

Figure 4.5 shows the plot of the time constants in minutes for each pH. The results show that 

DNA solutions at higher pH (more basic) can be exposed to UV light during more time. 

Moreover, from equation [4.1] one can propose an expression for the dose level to which the 

sample has been subjected, as follows: 

𝐷𝐷 = −𝐶𝐶𝐷𝐷
𝑛𝑛
𝑙𝑙𝑙𝑙 𝐴𝐴𝐴𝐴𝐴𝐴260𝑛𝑛𝑛𝑛

𝐴𝐴𝐴𝐴𝐴𝐴0260𝑛𝑛𝑛𝑛
      [4.2] 

in which D is the dose calculated by multiplying the irradiance by the irradiation time, CD is 

the characteristic dose constant and n is the order parameter of the damage kinetics.  
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Figure 4.5 – Time constant obtained by equation [4.2] versus pH of the solutions irradiated and estimated dose 

for the constant time for the solutions irradiated. 

 

These parameters as well as the characteristic time constants are presented in Table 4.1 for 

each pH investigated. From the obtained results, one can conclude that DNA solutions can be 

suitable for the measurement of 254 nm wavelength light dose, being the lifetime of such 

dosimeter device dependent of solution pH. To develop a DNA based dosimeter device to 

cover also UV A and UV B region, DNA damage has also to be investigated in these UV regions. 

According with previous results [27], damage is expected also take place with 300 nm 

wavelength light in such a way that the same procedure described here should be used to 

analyse the DNA damage when the solutions are irradiated with higher wavelength light.  

 

Table 4.1 – Coefficients determined to each pH of DNA solution irradiated. 

pH 
τ 

(min) 

CD 

(Wm-2.min) 
n 

3 2050±40 3890±70 0.571±0.005 
6 3500±200 6700±300 0.90±0.03 
9 8300±300 15800±600 0.590±0.007 
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4.5. Conclusions 

In this work it was demonstrated that aqueous DNA solutions can be used to probe UV 

radiation at 254 nm and to evaluate the radiation dose at 254 nm, through absorbance 

measurements. The absorbance was seen to exponentially decrease with irradiation time 

being the damage kinetics parameter dependent of pH DNA aqueous solutions. This work also 

evidenced that the lifetime of such DNA dosimeter device can be chosen changing the pH of 

those solutions. In the future we intent to 1) irradiate the samples with a fixed wavelength of 

300 nm in order to check the new kinetics damage; 2) check if there is a linear correspondence 

to the irradiation power; and 3) study the sensibility of the potential sensor. 
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Decomposition of 5-Bromouracil1 

5. Kinetics of Molecular Decomposition under Irradiation of Gold Nanoparticles with nanosecond Laser Pulses – A 5-Bromouracil case study 

5.1. Abstract 

Laser illuminated gold nanoparticles (AuNPs) efficiently absorb light and heat up the 

surrounding medium, leading to versatile applications ranging from plasmonic catalysis to 

cancer photothermal therapy. Therefore, an in-depth understanding of the thermal, optical, 

and electron induced reaction pathways is required. Here, the electrophilic DNA nucleobase 

analog 5-Bromouracil (5BrU) has been used as a model compound to study its decomposition 

in the vicinity of AuNPs illuminated with intense ns laser pulses under various conditions. The 

plasmonic response of the AuNPs and the concentration of 5BrU and resulting photoproducts 

have been tracked by ultraviolet and visible (UV–Vis) spectroscopy as a function of the 

irradiation time. A kinetic model has been developed to determine the reaction rates of two 

parallel fragmentation pathways of 5BrU, and their dependency on laser fluence and 

adsorption on the AuNP have been evaluated. In addition, the size and the electric field 

enhancement of the decomposed AuNPs have been determined by atomic force microscopy 

and finite domain time difference calculations, respectively. A minor influence of the direct 

photoreaction and a strong effect of the heating of the AuNPs have been revealed. However, 

due to the size reduction of the irradiated AuNPs, a trade-off between laser fluence and 

plasmonic response of the AuNPs has been observed. Hence, the decomposition of the AuNPs 

might be limiting the achievable temperatures under irradiation with several laser pulses. 

These findings need to be considered for an efficient design of catalytic plasmonic systems. 

 

 

1This chapter is based on the following publication: 

Telma S. Marques,  Robin Schürmann, Kenny Ebel, Christian Heck, Małgorzata A. Śmiałek, Sam Eden, Nigel Mason 
and Ilko Bald. Kinetics of Molecular Decomposition under Irradiation of Gold Nanoparticles with nanosecond 
Laser Pulses – A 5-Bromouracil case study. The Journal of Chemical Physics, 152, 124712 (2020); doi: 
10.1063/1.5137898.  
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5.2. Introduction 

Gold nanoparticles (AuNPs) provide versatile applications in the fields of sensing [1], [2], 

catalysis [3] and cancer therapy [4], [5]. Localized surface plasmons (LSPs, collective 

oscillations of the conduction band electrons) are responsible for the outstanding optical 

properties of AuNPs and can be excited by the alternating electric field of incident light [6]. 

LSPs strongly enhance the electric field around the nanoparticle, especially when the 

frequency of the light matches the eigenfrequency of the LSP resonance (LSPR). LSPs can 

decay in a non-radiative pathway by forming electron-hole pairs, which is typically the initial 

step in plasmon mediated catalysis [3], [7], [8]. Since the energy of these plasmonically 

generated electrons exceeds the thermal equilibrium of the electron gas, they rapidly 

distribute their energy via electron-electron scattering in the electron gas and subsequently 

heat up the lattice of the NPs and the surrounding medium [9], [10]. Under irradiation with 

intense ns laser pulses, the temperature of the AuNPs can be easily increased to some 1000 K 

[11], which causes surface evaporation and fragmentation of the AuNPs [12], even under 

irradiation with a single laser shot [13]. In this process, the morphology of the transformed 

AuNPs crucially depends on the irradiation parameters [14]. Furthermore, a high temperature 

and pressure region is generated around the AuNPs if the laser intensity is sufficiently high 

[15]. The properties of these nanobubbles are highly dependent on the size of the 

nanoparticles and the properties of the laser pulse [16], [17].  Under illumination of AuNPs 

with focused laser pulses, the generation of reactive secondary species such as singlet oxygen 

[18] and low energy electrons has been observed [19]. As high temperatures are required for 

the thermionic emission process [20], a threshold for the efficient generation of electrons is 

expected, which depends on the size of the AuNPs.  Biomolecules, such as DNA [21]–[23] or 

proteins [24]–[26], located in a nanoscopic volume around such irradiated AuNPs are 

efficiently decomposed under laser illumination. In that context, the adsorption of the 

molecules to the AuNPs surface strongly influences the decomposition process. This is due to 

two effects: (1) the number of molecules in the high energy in the pressure region is increased 

and (2) the aggregation process of the AuNPs determining the size and, consequently, the 

plasmonic response is guided by the capping molecules [22], [27]. The decomposition of DNA 

is of particular interest for future applications in cancer photothermal therapy, where cancer 

cells are killed by an increase of temperature mediated by incorporated laser illuminated 
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AuNPs [4], [28]. The irradiation of biological tissue with intensive laser pulses leads to an 

efficient damage, as beyond the Joule heating, various nanoscopic effects around the AuNPs 

enhance the cellular damage [29]. Even though the effects occurring in the vicinity of AuNPs 

illuminated with ns-laser pulses have been widely studied, their influence on biomolecules in 

the surrounding medium on the molecular scale is not yet fully understood. The DNA 

nucleobase analog 5-Bromouracil (5BrU) has been proposed as a potential DNA 

radiosensitizer in cancer radiation therapy [30], and consequently, its reactions have been 

extensively studied previously [31], [32]. For this purpose, 5BrU has been used as a model 

compound to study the reactions in the vicinity of AuNPs under pulsed laser irradiation. 

Brominated nucleobases are known to be highly reactive with low energy electrons [31], [33]–

[35]. The attachment of an electron with a kinetic energy close to 0 eV resonantly cleaves the 

carbon bromide bond of the nucleobases [33], [35]. This reaction has been observed recently 

on the surface of noble metal NPs triggered by plasmonically generated electrons [34]. 

However, this electron induced reaction occurs close to the surface of the NPs where the 

highest temperatures occur, and consequently, the desorption of the reaction products 

without further decomposition is very unlikely.  

In order to obtain an in-depth understanding of the molecular decomposition processes in 

the surrounding of laser illuminated AuNPs, the kinetics of different reaction pathways of 

5BrU are studied as a function of irradiation related parameters within the present work. By 

monitoring the photoproducts of irradiated 5BrU in parallel with optical and morphological 

properties of the irradiated AuNPs the tunability of the plasmon catalyzed system can be 

evaluated.  

 

5.3. Experimental details 

5.3.1. Chemicals 

AuNPs with 40 nm average diameter have been purchased from BBI solutions. 5BrU has been 

purchased from Sigma Aldrich and was dissolved in ultrapure water obtained with a Milli-Q 

water purification system. 
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5.3.2. Laser Irradiation 

A scheme of the experimental setup is shown in Figure 5.1. Ns Laser pulses have been 

generated using the second harmonic of a Minilite I (Continuum) Nd:YAG laser at 532 nm with 

an energy of 16 mJ per pulse and a pulse width of 3-5 ns. Unless stated otherwise, a repetition 

rate of 15 Hz has been used. The laser beam has been widened by using a set of two lenses 

from a diameter of 3 mm to 9 mm. Subsequently, the beam has been guided by a dichroic 

mirror to a further lens (f = 5 cm) and focused on a 3.5 ml quartz cuvette (Hellma®) slightly 

above the surface of the AuNP solution. The cuvette is filled with 2 ml of solution, typically 

containing 45 pM AuNPs and 40 μM 5BrU, and placed on a stirring plate to stir the solution 

during the irradiation. Using a mechanical stage, the distance of the laser focus to the surface 

of the AuNP solution has been varied to adjust the spot size and, in consequence, the laser 

fluence of the divergent beam on the surface. The laser fluences given below refer to the 

maximum laser fluence at the surface, without considering the widening of the beam inside 

the cuvette. The size of the focused laser beam has been determined using an optical 

microscope and a blackened photographic paper irradiated with a single laser shot. 

 

Figure 5.1 – Schematic representation of the experimental setup. 

 

(5BrU) 
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5.3.3. Analytical methods 

Ultraviolet and visible (UV–Vis) extinction spectra were recorded with a Jasco 650 

spectrophotometer. Dried AuNPs have been imaged with an Agilent 5500 atomic force 

microscope (AFM) using a Tap 150 cantilever in the tapping mode. For the sample 

preparation, a 2 μl droplet of the irradiated AuNP solution has been dried on a freshly cleaved 

mica substrate. The size distribution of the AuNPs on the substrate has been determined from 

the height of the AuNPs in the AFM images by using the software Gwyddion 2.48. 

 

5.3.4. FDTD calculations 

Finite domain time difference (FDTD) calculations of the electric field enhancement of AuNPs 

in an aqueous medium have been carried out with the software Lumerical FDTD Solutions 

8.6.3, using a mesh size of 0.1 nm in the plotted areas. The excitation wavelength was set to 

532 nm. 

 

5.4. Results and discussions 

Using the experimental setup presented in Figure 5.1, a mixture of AuNPs and 5BrU has been 

irradiated with ns laser pulses. UV-Vis spectra have been recorded after specific illumination 

times in order to determine the LSPR of the AuNPs and the π-π* resonance of 5BrU. In Figure 

5.2a), a typical dataset is presented showing that the LSPR, which is initially located at 528 nm, 

is decreased and blue shifted with ongoing irradiation. This change of the LSPR is caused by 

the decomposition of the AuNPs into smaller fragments. Already after 5 min of irradiation, 

only small changes in the LSPR are observable, which indicates only slight changes in the size 

distribution, and thus, approximately constant reaction conditions for the molecular 

decomposition can be assumed. Moreover, also the intensity of the π–π∗ transition of 5BrU, 

located at 277 nm [36], is reduced and shifted to lower wavelength during the irradiation. The 

decrease in the π-π* resonance is attributed to a cleavage of the aromatic ring structure, 
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whereas the shift of the resonance maximum indicates a chemical modification of the 5BrU, 

most likely the cleavage of the C-Br bond leaving the residual molecule intact [21].  

In order to further analyse the π-π* transition, all additional contributions of the solution to 

the extinction in this wavelength regime need to be determined to correct the background of 

the 5BrU spectra (see Figure 5.2b)). Therefore, AuNPs have been irradiated in absence of 5BrU 

under the same experimental conditions, as the absorption of AuNPs in the UV caused by 

interband transitions depends significantly on the particle size (see S.I. 5.9.2). 

The spectra of the irradiated AuNP solution have been subtracted from the spectra of the 

irradiated AuNP/5BrU solution for each irradiation time. In addition, the absorption band 

located below 210 nm has been fitted with a Gaussian peak and subtracted from the 

AuNP/5BrU spectra, since there are slight contributions of these signals to the π-π* peak. To 

determine the contributions of the π-π* transitions of 5BrU and U, the background corrected 

AuNP/5BrU spectra of the π-π* transition, shown in Figure 5.2c), have been fitted with two 

Gaussian peaks centered at 277 nm and 258 nm [37], respectively. In this way, the 

concentration 5BrU [BrU] and of U [U] can be monitored as a function of the irradiation time. 

 

Figure 5.2 – (a) UV–Vis spectra of the AuNP/5BrU solution irradiated with focused 532 nm ns laser pulses with a 

repetition rate of 15 Hz and a maximum laser fluence of 3.4 × 1012 W/m2. (b) UV–Vis spectra of the irradiated 

AuNP/5BrU solution (black), a spectrum of illuminated AuNPs under the same conditions (green, dashed), and a 

Gaussian fit of the peak centered below 210 nm (yellow, dashed). (c) π–π∗ signal (black) corrected by the 

contributions marked in (b). The Gaussian fit of the contributions of U (blue) and 5BrU (red) and their sum (grey) 

are plotted with dotted lines. 
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In order to explain the shift and the decrease of the π-π* signal, two reaction pathways are 

assumed: the fragmentation of the molecular ring leading to a decrease in the π-π* 

resonance, 

𝐵𝐵𝐵𝐵𝐵𝐵
𝑘𝑘1
��  𝑁𝑁𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙 𝑓𝑓𝐵𝐵𝑠𝑠𝑓𝑓𝑠𝑠𝑒𝑒𝑙𝑙𝑓𝑓𝑁𝑁,     [5.1] 

and the cleavage of the C-Br bond resulting in the formation of Uracil (U), 

𝐵𝐵𝐵𝐵𝐵𝐵
𝑘𝑘2
��  𝐵𝐵,       [5.2] 

where k1 and k2 denote the reaction rates for the fragmentation of the ring and the cleavage 

of the C-Br bond, respectively. In addition, also a third reaction with a reaction rate k3 needs 

to be considered, since the generated U will also be decomposed under laser irradiation in 

the presence of AuNPs into smaller fragments.   

𝐵𝐵
𝑘𝑘3
��  𝑁𝑁𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙 𝑓𝑓𝐵𝐵𝑠𝑠𝑓𝑓𝑠𝑠𝑒𝑒𝑙𝑙𝑓𝑓𝑁𝑁,     [5.3] 

Based on equation [5.1] and [5.2], the decomposition of 5BrU follows a (pseudo-)first order 

reaction that can be described by the following equation: 

𝑑𝑑[5𝐵𝐵𝐵𝐵𝐵𝐵]
𝑑𝑑𝑡𝑡

= −𝑘𝑘1[𝐵𝐵𝐵𝐵𝐵𝐵] − 𝑘𝑘2[𝐵𝐵𝐵𝐵𝐵𝐵].    [5.4] 

According to equation [5.2] and [5.3], the generation and decomposition of U can be 

described by: 

𝑑𝑑[𝐵𝐵]
𝑑𝑑𝑡𝑡

= −𝑘𝑘3[𝐵𝐵] + 𝑘𝑘2[𝐵𝐵𝐵𝐵𝐵𝐵].     [5.5] 

From equation [5.4], we obtain for the concentration of 5BrU, [BrU], after an irradiation time 

t, 

[𝐵𝐵𝐵𝐵𝐵𝐵] = [𝐵𝐵𝐵𝐵𝐵𝐵]0𝑒𝑒−(𝑘𝑘1+𝑘𝑘2)𝑡𝑡,     [5.6] 

Where [BrU]0 is the initial concentration of BrU before the irradiation. Since there has been 

initially no U in the solution, we set [𝐵𝐵0] = 0 and obtain [U] (see the S.I. 5.9.1), 
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[𝐵𝐵] = 𝑘𝑘2[𝐵𝐵𝐵𝐵𝐵𝐵]0
𝑘𝑘3−𝑘𝑘1−𝑘𝑘2

( 𝑒𝑒−(𝑘𝑘1+𝑘𝑘2)𝑡𝑡 −  𝑒𝑒−𝑘𝑘3𝑡𝑡).    [5.7] 

Consequently, the ratio of [U] and [BrU] can be determined using equation [5.6] and [5.7], 

[𝐵𝐵]
[𝐵𝐵𝐵𝐵𝐵𝐵] = 𝑘𝑘2

𝑘𝑘3−𝑘𝑘1−𝑘𝑘2
(1 −  𝑒𝑒−(𝑘𝑘3−𝑘𝑘1−𝑘𝑘2)𝑡𝑡).    [5.8] 

By using the Taylor expansion 𝑒𝑒𝑥𝑥 ≈ 1 + 𝑒𝑒, we can simplify the expression for short 

illumination times t to 

[𝐵𝐵]
[𝐵𝐵𝐵𝐵𝐵𝐵] ≈ 𝑘𝑘2𝑓𝑓.       [5.9] 

With this equation, the reaction rate k2 can be determined from the ratio of the 

concentrations [BrU] and [U], which can be determined from the π-π* resonances at 258 nm 

and 277 nm in the UV-Vis spectra as a function of the irradiation time t (see Figure 5.3a)). 

Error bars have been determined from the background subtraction of the AuNP signal in the 

absence of 5BrU, and the fits are presented in Figure 5.2b) and Figure 5.2c). Due to the strong 

changes in the AuNP size after the influence of first laser pulses (see text below and Figure 

5.6) on the reaction conditions, the data points after 0 min and 1 min irradiation time have 

not been taken into account in the analysis. The determined ratio of [BrU] and [U] typically 

follows the expected linear trend after the particle size remains constant.  

In Figure 5.3b), [BrU] is plotted as a function of t and fitted with an exponential decay; hence, 

the sum of the reaction rates k1 and k2 can be determined from the fit by using equation [5.6]. 

However, for short and very long irradiations times, the exponential correlation is only valid 

in a first approximation due to the reduced signal to background ratio of the π-π* resonance 

for long illumination times. Therefore, based on the experimental data, it cannot be finally 

excluded that the reaction might also follow a zeroth or some more complex reaction order. 
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Figure 5.3 – (a) Ratio of the concentrations [U] and [BrU] plotted against the irradiation time t fit linearly to 

determine k2 from the slope. (b) Concentration [BrU] plotted as a function of the irradiation time t and fit with 

an exponential decay curve to determine k1 and k2 from the decay constant. 

 

The reaction rates k1 and k2 have been determined at a fixed laser fluence for different 

repetition rates of the laser. The error bars of the reaction rates k1 and k2 originate from the 

fit presented in Figure 5.3 (see Figure 5.4). The reaction rate k1 decreases significantly with 

higher laser repetition rates. At higher laser repetition rates, the time between two 

subsequent pulses is shorter. In consequence, there is less time following a laser pulse in 

which the 5BrU can adsorb on the cleaned surface before the AuNP is illuminated again. 

Therefore, the coverage of 5BrU on the AuNP surface during the pulse is lower at higher laser 

repetition rates as the adsorption time for 5BrU is shortened. Lower concentrations of 5BrU 

on the AuNPs, i.e. in the areas of the highest temperatures, result in decreasing reaction rates 

for k1. This trend is in accordance with results published previously [21]. Nevertheless, for k2, 

no dependency on the repetition rate has been observed. k2 represents the C-Br bond 

cleavage leaving the U ring intact. The C-Br bond of 5BrU is a predetermined breaking point 

of the molecule and can be efficiently cleaved by the dissociative attachment of low energy 

electrons, and it is the first bond to break at elevated temperatures [38]. However, both 

processes might occur as well in the vicinity of the AuNP surface and do not require 

adsorption of the molecules. Furthermore, the conditions directly on the AuNP surface are 

extreme in terms of temperature and pressure. Hence, it is unlikely that in adsorbed 5BrU 

molecules, only the C-Br bond will be cleaved under laser irradiation prior desorption leaving 

the U ring intact.  
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Figure 5.4 – Reaction rates k1 (red) and k2 (blue) of 5BrU as a function of the laser repetition rate for two 

different initial concentrations of 5BrU (dark and light symbols, respectively). Black lines are plotted as guides 

for the eye. 

 

Moreover, the reaction rates have been determined as a function of the maximum laser 

fluence (see Figure 5.5a)). For this purpose, the distance of the surface of the AuNP/5BrU 

solution to the focus of the laser beam was varied using a mechanical stage. Due to this setup, 

the photon fluence can be varied while keeping the power of the laser pulses constant. Even 

though the laser pulses have a Gaussian shape and the divergent laser beam widens during 

the passage through the AuNP/5BrU solution leading to a spatially inhomogeneously 

distributed fluence, the maximum laser fluence is proportional to the average fluence in the 

solution. The reaction rates k1 and k2 show the same behaviour as a function of the laser 

fluence, whereas k1 is typically almost one order of magnitude higher than k2. Up to a laser 

fluence of around 1013 W/m2, the reaction rates increase with the laser fluence; however, for 

higher fluences (> 1013 W/m2), the reaction rates decrease. A threshold, where k2 is 

significantly increased with respect to k1 due to an enhanced generation of thermionic 

electrons as predicted previously by Pyatenko et al., has not been observed [20]. In the 

predictions of the threshold, nanoparticles of constant size have been assumed; however, the 

size of the generated nanoparticle fragments significantly depends on the laser fluences. The 

size of the nanoparticles influences strongly the absorption of the AuNPs at 532 nm due to 
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the LSPR. In Figure 5.5b), the absorbance at a wavelength of 532 nm has been plotted against 

the laser power, showing a decrease in the absorbance with an increase in the laser fluence 

reaching a minimum at ~1013 W/m2 as well. In general, small AuNPs exhibit LSPRs with lower 

intensities, which are centered at comparably lower wavelength. The decrease of the LSPRs 

as a function of the laser power indicates a stronger fragmentation of the AuNPs at higher 

laser powers. Nevertheless, the resulting decreased absorption at 532 nm results in a lower 

energy absorption by the AuNP solution, limiting the heating of the AuNPs and leading to 

stagnating or even reduction of the reaction rates at high fluences. At high laser fluences, 

especially for the irradiation of larger AuNPs, the ignition of plasmas has been observed [39]. 

Since the plasmas occur statistically, their role in the decomposition of the AuNPs and the 

molecules could not be evaluated.  

 

Figure 5.5 – (a) Reaction rates k1 and k2 plotted as a function of the laser fluence. (b) Absorbance of AuNP/5BrU 

solution at 532 nm after 20 min irradiation plotted against the laser fluence. 

 

Although the LSPR absorption decreases with higher laser fluence, the reaction rates increase 

up to a maximum fluence of 1013 W/m2.  This might be explained by an increased surface area 

of the smaller AuNPs, since the number of gold atoms in the solution remains constant under 

the irradiation. It is also possible that higher temperature around the AuNPs might be 

responsible for the higher reaction rates. In order to determine the surface area AS of the 

AuNPs, the size distribution of the AuNPs after an irradiation for 20 min has been determined 

by AFM for six different laser fluences. Figure 5.6a) and Figure 5.6b) show typical AFM images 

of the AuNPs after irradiation. The diameter of the AuNPs has been determined from the 
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height of the AuNPs, and the normalized size distributions of the AuNPs are shown in Figure 

5.6c). 500–3000 AuNPs have been analyzed at each of the laser fluences studied. In all cases, 

the size of the AuNPs after the irradiation was reduced from 40 nm to below 10 nm. With the 

knowledge of the normalized size distribution of the AuNPs, the overall surface area of the 

AuNPs in the solution can be calculated using the following equation:  

𝑁𝑁𝑆𝑆 =  𝑉𝑉𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
∑𝑃𝑃(𝐵𝐵)∙𝑉𝑉(𝐵𝐵)

∙ 4𝜋𝜋 ∙ ∑𝑃𝑃(𝐵𝐵) ∙ 𝐵𝐵2     [5.10] 

where Vgold is the total volume of the AuNPs in the solution, r is the radius of the AuNPs, P(r) 

is the percentage of AuNPs with a radius r in the solution determined from the histograms 

shown in Figure 5.6c) and SI 3  and V(r) is the volume of an AuNP with a radius r. In Figure 

5.6d), the surface area is plotted as a function of the laser fluence revealing an increase in the 

surface area with the laser fluence. The presented error bars originate from the statistical 

error of the AuNP counting (see the S.I. 5.9.3). 

 

Figure 5.6 – AFM image of AuNPs dried on a mica substrate illuminated for 20 min with a maximum laser fluence 

of (a) 1.3 x 1012 W/m2 and (b) 3.9 x 1013 W/m2. (c) Normalized size distribution of AuNPs irradiated using different 

laser fluences. All histograms are presented individually in S.I. 5.9.2. (d) Surface area of the irradiated AuNPs 

determined using equation [5.10] as a function of the laser fluence. (e) Sketch of the laser beam propagation 

after passing the focusing lens according to geometrical optics. (f) Illuminated surface area during one laser pulse 

as a function of the laser fluence after irradiation for 20 min. 



97 

It should be noted that at higher laser fluences, a smaller fraction of the solution is 

illuminated. In consequence, the illuminated surface area 𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖   of the AuNPs needs to be 

determined to evaluate the effect of the surface area on the reaction rates. For this purpose, 

the illuminated volume 𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖 for certain laser fluences has been calculated using basic 

geometrical optics assuming a simplified model of the laser beam path. The beam path in the 

solution has a truncated cone shape. A sketch of the beam propagation after passing the final 

focusing lens is presented in Figure 5.6e). The illuminated volume can be calculated by: 

𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖 = 𝜋𝜋∙ℎ
3
��𝑥𝑥
𝑓𝑓
∙ 𝐵𝐵𝐿𝐿𝐿𝐿𝐴𝐴𝐿𝐿𝐵𝐵�

2
+ �𝑥𝑥

𝑓𝑓
∙ 𝐵𝐵𝐿𝐿𝐿𝐿𝐴𝐴𝐿𝐿𝐵𝐵� �

𝐵𝐵𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝑓𝑓∙𝑛𝑛𝑤𝑤𝐿𝐿𝑤𝑤𝐿𝐿𝐿𝐿
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       [5.11] 

From the ratio of 𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖 to the total volume of the solution 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝐿𝐿𝑖𝑖, the illuminated area Aill can be 

calculated by using equation [5.12], 

𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖 =  𝑉𝑉𝑖𝑖𝑔𝑔𝑔𝑔
𝑉𝑉𝑤𝑤𝑔𝑔𝑤𝑤𝐿𝐿𝑔𝑔

∙ 𝑁𝑁𝑆𝑆        [5.12] 

In Figure 5.6f), Aill is plotted as a function of the laser fluence, revealing a decrease in Aill with 

the fluence, although the relative error of the calculation is large. Hence, the increased 

reaction rates at higher laser fluences might not be solely explained by an increased surface 

area of the illuminated AuNPs. 

Therefore, the absorbed heat 𝑄𝑄𝐿𝐿𝐴𝐴𝐴𝐴 of an individual AuNP during a laser pulse has been 

calculated from the absorption cross section 𝜎𝜎𝐿𝐿𝐴𝐴𝐴𝐴 of the irradiated AuNPs and the laser 

fluence I, 

𝑄𝑄𝐿𝐿𝐴𝐴𝐴𝐴 =  𝜎𝜎𝐿𝐿𝐴𝐴𝐴𝐴 ∙ 𝐼𝐼       [5.13] 

For small nanoparticles, mainly the absorption is contributing to the extinction and the 

scattering can be neglected. Thus, the UV-Vis data presented in Figure 5.5b) have been used 

to estimate the absorption cross section 𝜎𝜎𝐿𝐿𝐴𝐴𝐴𝐴 of the irradiated AuNP solution by using the 

Lambert-Beer law, 

𝑁𝑁𝑁𝑁𝑁𝑁 =  𝑙𝑙 ∙ 𝜎𝜎𝐿𝐿𝐴𝐴𝐴𝐴 ∙ 𝑁𝑁𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃     [5.14] 
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The number of AuNPs per unit volume 𝑁𝑁𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃 of the irradiated AuNP solution has been 

determined by: 

𝑁𝑁𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃 =  𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 40 𝑛𝑛𝑛𝑛
∑𝑃𝑃(𝐵𝐵)∙𝑉𝑉(𝐵𝐵)

 ∙ 𝑁𝑁𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃 40𝑛𝑛𝑛𝑛     [5.15] 

where 𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃 40 𝑛𝑛𝑛𝑛 is the volume of an AuNP with a diameter of 40 nm and 𝑁𝑁𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃 40 𝑛𝑛𝑛𝑛 is the 

initial number of 40 nm AuNPs per unit volume in the solution prior to irradiation. 

 

Figure 5.7 – Heat absorbed by a single AuNP in one 16 mJ laser pulse plotted as a function of the laser fluence. 

 

In Figure 5.7, 𝑄𝑄𝐿𝐿𝐴𝐴𝐴𝐴  is plotted as a function of the laser fluence revealing an increase of 𝑄𝑄𝐿𝐿𝐴𝐴𝐴𝐴  

with the laser fluence leading to a higher temperature of the individual AuNPs. Hence, the 

increase in the reaction rates with the laser fluence might be caused by an increased 

temperature around the AuNPs and possibly by an increased generation of reactive species, 

such as low energy electrons, even though the total absorption of light in the solution (see 

Figure 5.5b)) and the illuminated surface area (see Figure 5.6f)) are smaller. However, the 

time between two laser pulses illuminating the same AuNP is longer for a smaller illuminated 

area, and furthermore, the temperature gradient leads to migration of molecules toward the 

AuNP surface [40], thus, the effect of adsorption on the decomposition rate cannot be 

neglected in this context. 
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Figure 5.8 – FDTD-calculation of the electrical field enhancement |𝑬𝑬 𝑬𝑬𝟎𝟎⁄ |𝟐𝟐  of AuNPs with a size of 2 nm, 4 nm, 

6 nm and 8 nm, respectively, in an aqueous medium at a wavelength of 532 nm. 

 

In order to evaluate the possible impact of multi-photon processes, the enhancement of the 

electrical field  |𝐸𝐸 𝐸𝐸0⁄ |2 around the AuNPs has been determined by FDTD simulations. The 

simulations have been performed for spherical AuNPs with a diameter between 2 nm and 8 

nm, which are typically generated under the present experimental conditions. In Figure 5.8, 

|𝐸𝐸 𝐸𝐸0⁄ |2  is plotted in the x–y plane crossing the center of the particle. For AuNPs with a 

diameter of 2 nm, the intensity enhancement is comparably small, not exceeding a factor of 

∼15 at the spots with the highest enhancement. Furthermore, the spots with a high 

enhancement are highly localized close to the particle surface. At a distance of around 1 nm 

from the surface, a significant enhancement of  |𝐸𝐸 𝐸𝐸0⁄ |2 is no longer observable. With an 

increase in the diameter of the AuNPs, the intensity enhancement in the vicinity of the 

particles is increased. However, even for AuNPs with a diameter of 8 nm, the maximum 

intensity enhancement does not exceed a factor of 30. Irradiation of a 5BrU solution for 

several hours at high laser fluences in the absence of AuNPs did not lead to a change in the 

π-π* resonance (see SI 1). For uracil and thymine, a threshold multiphoton excitation leading 

to the fragmentation of the molecules has been observed at energies involving at least three 

532 nm (2.33 eV) photons [41], [42]. In consequence, it is very unlikely to observe a significant 

contribution of multiphoton effects due to the laser irradiation in the present experiments, 

as the volumes with a comparably high enhancement are very localized and correlate with 

the volumes where the highest temperatures will also occur; thus, a thermal decay of possible 

photoproducts is likely.  
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5.5. Conclusion 

In summary, the kinetics of two decomposition pathways of 5BrU adsorbed on AuNPs induced 

by pulsed laser illumination have been tracked by UV–Vis spectroscopy and reaction rates 

have been determined using a kinetic model. The decomposition rates for the fragmentation 

of the 5BrU ring structure depend on the fluence, the repetition rate of the laser, and the 

starting concentration of 5BrU. At higher laser fluences, the AuNPs are decomposed and the 

surface area is increased, also leading to higher temperatures. However, on the other hand, 

the irradiated volume is decreased and the plasmonic response is significantly lowered. 

Hence, these opposing effects lead to a trade-off limiting the decomposition rates. The 

cleavage of the C–Br bond leaving the residual molecule intact is most likely independent of 

the adsorption of the molecules on the AuNPs. This process is probably electron or thermally 

induced, and multiphoton excitation processes are very unlikely. As the irradiation 

parameters are interlinked with the optical and thermal properties of the generated AuNP 

substrates, the tunability of the reaction kinetics of the system is only limited. 
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5.9. Supporting Information 

Kinetics of Molecular Decomposition under Irradiation of 
Gold Nanoparticles with nanosecond Laser Pulses – A 5- 
Bromouracil case study 
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A. Śmiałek,[c,d]  Sam Eden,[c] Nigel Mason,[c,e] and Ilko Bald*[a,b] 

[a] Physical Chemistry, Institute of Chemistry, 
University of Potsdam 
Karl-Liebknecht-Str. 24-25, 14476 Potsdam-Golm, Germany 

[b] Department of Analytical Chemistry 
BAM, Federal Institute of Material Research and Testing 
Richard-Willstätter-Str. 11, 12489 Berlin, Germany 

[c] Department of Physical Sciences, The Open University, Walton Hall, MK7 6AA, Milton Keynes, UK 

[d] Department of Control and Power Engineering, Faculty of Ocean Engineering and Ship Technology, Gdansk University of Technology, 
Gabriela Narutowicza 11/12, 80-233 Gdansk, Poland 

[e] School of Physical Sciences, University of Kent at Canterbury CT2 7NH, United Kingdom 
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In the SI are presented all the complete derivation of the reaction kinetics, irradiation of 5BrU 

in the absence of AuNPs, and error calculation. 

S.I. 5.9.1 Complete derivation of the reaction kinetics 

 

Based on equation (1) and (2) the decomposition of 5BrU is following a (pseudo-) first order 

reaction that can be described by the following equation: 
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According to equation (2) and (3) the generation and decomposition of U can be described 

by: 

 

From equation (4) we get for the concentration of [BrU] after an irradiation time t: 

 

 

Where [BrU]0 is the initial concentration of 5BrU before the irradiation. If we insert this 

expression for [BrU] into equation (5) we get: 

 

By using the integral method, which allows to solve differential equations of the type:  

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+ 𝑓𝑓(𝑥𝑥)𝑦𝑦 = 𝑔𝑔(𝑥𝑥)  by multiplication with 𝑒𝑒∫𝑓𝑓(𝑑𝑑)𝑑𝑑𝑑𝑑 = 𝑒𝑒∫𝑘𝑘3𝑑𝑑𝑑𝑑 = 𝑒𝑒𝑘𝑘3𝑑𝑑  , we get: 

 

Which can be rearranged to: 

 

by using  
𝑑𝑑([𝑈𝑈]𝑒𝑒𝑘𝑘3𝑡𝑡)

𝑑𝑑𝑑𝑑
= 𝑒𝑒𝑘𝑘3𝑑𝑑 𝑑𝑑[𝑈𝑈]

𝑑𝑑𝑑𝑑
= 𝑒𝑒𝑘𝑘3𝑑𝑑𝑘𝑘3[𝑈𝑈] . Thus the integration of the equation (9): 

 

gives us: 
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With [𝑈𝑈0] = 0, since there has been initially no U in the solution, we get for [U]: 

 

Consequently, the ratio of [U] and be [BrU] can be determined using equation (6) and (12): 

 

By using the Taylor expansion: 𝑒𝑒𝑑𝑑 ≈ 1 + 𝑥𝑥 we can simplify the expression for short illumination 

times t to: 

 

S.I. 5.9.2 Irradiation of 5BrU in the absence of AuNPs 

 

S.I. 5.1 – a) UV-Vis spectra of 5BrU solution irradiated with a focused 532 nm ns laser pulses with a repetition 

rate of 15 Hz with a maximum laser fluence of 4x1013 W/m2 after 0 h, 2 h and 4 h of irradiation. b) Integrated 

Absorbance of the π-π* resonance of 5BrU as a function of the illumination time. c) Center wavelength of the π-

π* resonance as a function of the illumination time. 



109 

 

S.I. 5.2 – Exemplary set of UV-Vis spectra of an AuNPs solution irradiated with a focused 532 nm ns laser pulses 

with a repetition rate of 15 Hz with a maximum laser fluence of 3.4x1012 W/m2 used as background correction. 

 

 

S.I. 5.3 – Histograms of the AuNPs sizes after laser illumination with different fluences. 

S.I. 5.9.3 Error calculation 

The error of the surface area of the irradiated surface area As has been calculated based on 

the error of P(r), which is given by: 
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With: 

 

Thus we get: 

 

 

Which can be written as: 

 

 

The error for the illuminated surface area of the AuNPs is given by: 

 

The error for the absorbed heat by an individual AuNP: 

 

has been calculated by: 
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S.I. Table 5.1 – Ratio of [U] and [BrU] as a function of the irradiation time. Data presented in Figure 5.3 a). 

 

  

S.I. Table 5.2 – Concentration [BrU] as a function of the irradiation time. Data presented in Figure 5.3 b). 
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S.I. Table 5.3 – Reaction rates as a function of the laser repetition rates. Data presented in Figure 5.4. 
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S.I. Table 5.4 – Reaction rates as a function of the laser repetition rates. Data presented in Figure 5.5 a). 

 

 
 

S.I. Table 5.5 – AuNP surface area as a function of the laser fluence. Data presented in Figure 5.6 d). 

 

 

S.I. Table 5.6 – Illuminated AuNP surface area as a function of the laser fluence. Data presented in Figure 5.6 f). 
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S.I. Table 5.7 – Heat absorbed by an individual AuNP as a function of the laser fluence. Data presented in Figure 

5.7.  
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Decomposition of halogenated nucleobases1 

6.  Decomposition of halogenated nucleobases by SPR excitation of gold nanoparticles 

6.1. Abstract 

Halogenated uracil derivatives are of great interest for cancer therapy, either as 

chemotherapeutics or radiosensitizers depending on their halogen atom. In this work we 

investigated the radiation damage of uracil (U), 5-bromouracil (5BrU) and 5-fluorouracil (5FU) 

in the presence of gold nanoparticles (AuNPs) upon the irradiation with a Nd:YAG ns-pulsed 

laser operating at 532 nm at different fluences. AuNPs absorb light efficiently by their surface 

plasmon resonance and significantly damage DNA in their vicinity by an increase of 

temperature and the generation of reactive secondary species, like low energy electrons.  Our 

results show that the presence of gold nanoparticles efficiently decompose the ring structure 

of nucleobases (NBs) independent of the halogen species. In addition to the decomposition 

of the fragmentation of the pyridine ring, for BrU the cleavage of the carbon-halogen could 

be observed, whereas for FU this reaction channel was inhibited. The obtained insights in the 

molecular damage towards DNA nucleobase derivatives in the proximity of laser irradiated 

AuNPs provide implications for cancer photo thermal therapy and the application of 

radiosensitizing molecules therein.   

 

 

 

 

 

1This chapter is based on the following publication: 

T.S. Marques, M.A. Śmiałek, R. Schürmann, I. Bald, M. Raposo, S. Eden and N.J. Mason. Decomposition of 
halogenated nucleobases by SPR excitation of gold nanoparticles. European Physical Journal D, Section: Atomic 
and Molecular Collisions.  pp. 1-9, 74, 222 (2020). ISSN: 1434-6060. (https://doi.org/10.1140/epjd/e2020-
10208-3). 
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6.2. Introduction 

For many decades there is an on-going race for finding the most efficient and effective 

radiosensitizer to be used in several types of cancer therapy. One of the possible approaches 

to therapy is sensitizing DNA using halogenated nucleobases, like 5-Bromouracil (5BrU) and 

5-Fluorouracil (5FU). Recent studies revealed that the first compound acts as a base analogue, 

replacing thymine in DNA without substantially altering their biological activity and it is known 

to act as a radiosensitizer, which enhances DNA radiation damage due to its high reactivity 

with electrons at very low energies [1]–[3]. The other uracil derivative, 5FU is commonly used 

as a drug in treatment of solid cancers, such as breast, head, skin, colon, stomach and head 

cancer [4], [5]. The structures of the molecules tested in our experiments are shown in Figure 

6.1. Together with the reference molecule, uracil, our targets were tested for damage 

formation upon pulsed laser irradiation at 532 nm, since both compounds are known for their 

photosensitivity in the UV range. 

Apart from direct damage, caused by the laser light, also gold nanoparticles (AuNPs) of 40 nm 

in diameter were used in order to test their sensitizing capabilities. AuNPs also show a 

characteristic surface plasmon resonance (SPR) around 530 nm, depending on the size and 

shape of the particles. The laser wavelength was chosen to match this SPR band associated 

with AuNPs [6], [7]. 

The use of AuNPs in cancer therapy is already a topic of a very broad investigation [7]–[14]. It 

was already shown that there is a sensitizing effect of AuNPs upon various types of radiation, 

being capable to entry into cancer cells [15], [16].   

Thus, a combination of halogenated uracils and AuNPs may form a radiosensitizing “cocktail” 

for use in example in phototherapy. In this work, we wanted to combine these two 

approaches to sensitizing cancer cells and used both the sensitizer that is, a halogenated base 

that incorporates itself into the DNA helix, as well as the freely floating NPs that approach 

DNA but do not bind. We were aiming at combining the two effects already known from the 

literature and creating the system that enables more accurate and lethal damage to be 

delivered to a specific sequence in DNA helix.  
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Figure 6.1 – Chemical structures of the nucleobases used in this work, a) U, b) 5FU and c) 5BrU. 

 

6.3. Experimental methods 

In these experiments we have replicated the setup described by Schürmann and co-workers 

[17] in order to allow direct comparison. 

 

6.3.1. Chemicals and solutions 

All the nucleobases used: uracil (U; cas 66-22-8), 5-bromouracil (5BrU; cas 51-20-7) and 5-

fluorouracil (5FU; cas 51-21-8) were purchased from Sigma-Aldrich, UK. Gold nanoparticles of 

40 nm diameter (AuNPs; cas EM.GC40) were purchased from British Biocell International (BBI 

Solutions), UK. The AuNPs were supplied as an aqueous suspension with a concentration of  

9.00 × 1010 gold particles/mL. All chemicals were used without further purifications.  

Aqueous solutions and dilutions were prepared with ultra-high purity water (UHPW) with 

resistivity of 18.2 MΩ.cm, supplied by a Suez-Purite Neptune purification system. The NBs 

were used at a final concentration of 25 µM, whereas AuNP solution with final concentration 

of 44.7 pM. Samples were prepared freshly before each set of irradiation. In each experiment, 

2 mL of solution were placed in a QS (quartz glass high performance) cuvette (Hellma®), with 

10 ± 0.01 mm of optical path length.  

 

a) b) c) 
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6.3.2. Irradiation setup 

The experiments were performed in the Molecular Cluster Laboratory, The Open University, 

United Kingdom. We have used for these experiments a setup that is similar to the one used 

by Schürmann and co-workers described elsewhere in detail [17]. 

Briefly, the second harmonic (532 nm) of a Minilite nanosecond pulsed Nd:YAG laser from 

Continuum®, was chosen as the irradiating light source. In this study, the pulse repetition 

rate was maintained constant at 15 Hz and energy tuned to 16 mJ per pulse, giving the power 

of 240 mW. The distance from the focus of the laser beam (Z) can be varied through 

translation of the platform upon which the sample is placed with movement on the Z axis 

(3D) from 0 mm, where the beam is focused at the surface of the sample, to 10 mm, roughly 

halfway through the sample volume (Figure 6.2). The laser fluence at the surface per pulse 

for each position was calculated through equation [6.1]: 

𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝐿𝐿 𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒𝑓𝑓𝑓𝑓𝑒𝑒 = 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑 𝑝𝑝𝑒𝑒𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒
𝐴𝐴𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒× 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒 𝑤𝑤𝑤𝑤𝑑𝑑𝑑𝑑ℎ

     [6.1] 

where the energy per pulse unit is in joules (J), and the pulse width (FWHM) corresponds to 

5.0 × 10−9 𝐿𝐿, while Abeam is the area of the circular beam in square meters at the entrance 

of the sample. The illuminated volume was obtained from the measurement of the r 

dependence with Z and calculating the resulting revolution solid integral. The results 

obtained are presented in the Supporting Information (SI) S.I. 6.8.1. 

 
Figure 6.2 – Illustration of the focal distance Z variation inside the sample irradiated. 
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The beam was focused by the optical system to a surface area of 0.12 mm2, corresponding to 

the focal distance of Z = 0 mm, where the focus of the beam is at the surface of the sample 

(Figure 6.2). The samples were irradiated from the top whilst being continually stirred to avoid 
‘hot spots’. Before each set of irradiations, the power of the beam was assessed using a laser 

power meter (UNO from Gentec-EO). 

 

6.3.3. Measurement photoabsorption spectrum of the solution  

UV-Vis absorbance measurements were performed using a Thermo ScientificTM EvolutionTM 

201 (UK) spectrometer operating over the range of 190 to 800 nm, with a bandwidth of 1 nm 

and data intervals of 1nm. The spectrophotometer was placed next to the irradiation 

apparatus to minimize the time elapsed between irradiation and spectrum acquisition. 

Therefore, all spectra where acquired after the irradiation specific time and the cuvette place 

backwards on the setup for the coming irradiations. All measurements were performed at 

room temperature (RT), in triplicate, using measurements of UHPW as reference. The samples 

were irradiated until the spectrophotometric band of the analyte was close to zero 

absorbance, indicating that complete degradation of the NB. 

 

6.4. Results and discussion 

6.4.1. Absorption coefficient values determination 

In this experimental work, we intended to determine the concentration decrease in the 

individual NBs. It is known that, uracil has a characteristic absorption band centred at 255 nm 

[18], 5BrU at 277 nm [17] and 5FU at 266 nm [3]. From the results available in the literature 

[2, 5, 17, 19] and the first plots obtained experimentally, we have observed that there is an 

overlap of π-π* signal of NBs with the interband (IB) states of AuNPs. Hence, the 

determination of the absorption coefficients from the standard curves of the NBs+AuNPs, 

helps us inferring on the probability of degradation due to higher absorption of light and the 
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fit equations will permit the quantification of NBs individual concentration in the mixed 

solution after irradiation. Figure 6.3 a) presents an example of the UV-Vis spectra, corrected 

for AuNPs signal, obtained of the aqueous solutions of U, 5FU and 5BrU at concentration of 

25 μM with AuNPs for Z = 1 mm.  These spectra show the maximum absorbance, associated 

with the π-π* transitions [5] for the NBs used. The uracil peak is slightly different from that 

found in the rerefences [1, 2, 18], which may be attributed to a solvent effect. To determine 

the absorption coefficients, the maximal values of absorbance that were achieved for each 

concentration after background subtraction (namely IB and SPR band) were plotted in Figure 

6.3 b). The correction was obtained through the subtraction of the spectra of the AuNPs 

solution (the control solution) from the data NB+AuNPs. The standard curves were built for 

the three NBs, and are the result of the Gaussian fit of the corrected absorption spectra for 

each NB (Figure 6.3 b)). The linear fit suggests a direct proportionality between maximum 

absorption and concentration in the range studied (5 – 100 μM).  

The experimental extinction coefficients of the NBs were calculated using the linear fit 

equations presented in Figure 6.3 b), and the values are listed in Table 6.1. Calculations of 

extinction coefficient (ε) are based on the Beer Lambert law, A = ε · l · c, where A is the 

absorbance of the solution at a particular wavelength, l is the length of the optical path and c 

the concentration of the solution.  The extinction coefficient is experimentally calculated 

using the slope of the linear fit of the absorbance vs concentration spectra of a given 

compound for a given wavelength, that is measuring A/c, with l equal to 1 cm (from the 

cuvette specifications). 
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Figure 6.3 – a) UV-Vis spectra of aqueous solutions of U, 5FU and 5BrU with AuNPs at the concentration of 25 

μM, and b) standard curves for the NBs in study where the maxima absorbance of the characteristic peaks (258, 

266 and 277 nm, respectively) are plotted vs concentration of aqueous solutions NBs+AuNPs. 
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Table 6.1 also presents the maximum wavelength (π-π*) of the characteristic peak in the UV-

Vis spectra for the nucleobases studied (Figure 6.3 a)) as well as the calculated values for the 

extinction coefficient, where the error presented is the standard deviation of the average, 

compared to the ones found in the literature. 

Table 6.1 – Maximum wavelength and extinction coefficients of U, 5FU and 5BrU. 

Nucleobase 
π-π*  

(nm) 

Extinction coefficient (M.cm-1) 

Literature  This work 

Uracil 260; 255 7800-8200 [1], [2], [18] 8400 ± 562 
5FU 266 7000 [3] 7300 ± 659 

5BrU 277 7010 [2], [4] 6800 ± 400 

 

The comparison of the experimental data with the data available in the literature (see Table 

6.1) suggest that the values are similar, considering the uncertainties obtained for each fitted 

curve. These coefficients suggest that U is the molecule that presents higher capacity to 

absorb photons, followed by 5FU and 5BrU. These results may indicate that the 

decomposition rate of Uracil when exposed to laser light will be the highest while 5BrU 

presents the lower degradation rate. This statement will be further assessed and discussed in 

the results section. 

 

6.4.2. Photon-Induced damage 

The absorbance of NBs mixed with AuNPs, for various irradiation times, and of pure AuNPs 

under the same conditions, are shown in columns a) and b) in Figure 6.4. The effect of the 

irradiation time on the nucleobases is presented in Figure 6.4 column c). These spectra are 

obtained by subtracting from the UV-Vis spectra of the NBs with AuNPs, Figure 6.4 column a), 

the spectra of pure AuNPs, Figure 6.4 column b), when irradiated under the same conditions 

(Z = 1 mm). The spectra of U, 5FU and 5BrU are shown in rows 1), 2) and 3), respectively, of 

Figure 6.4.  
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Figure 6.4 – Absorption spectra of 1) U; 2) 5FU; and 3) 5BrU exposed to Nd:YAG laser radiation of 532 nm up to 
30 minutes with a) showing the raw spectra of NB+AuNPs solution, b) the raw spectra of AuNPs solution and 
c) the correction of the nucleobase absorption spectra by subtracting the spectrum of nucleobase irradiated 
with AuNPs with the correspondent spectrum obtained for the solution of AuNPs irradiated. Z = 1 mm. 

All the irradiations described above where measured in the same day in order to avoid 

contributions/modifications from external factors; that way the same control for all the 

samples was used. 

The corrected spectra of all NBs show that the exposure to the laser light led to the reduction 

of the absorbance band assigned to π-π* transitions of these compounds, which is a result of 

the decomposition of the NBs. Moreover, when the data presented in column c) was fitted 

with Gaussian curve for the maximum wavelength characteristic of each NB and the resulting 

absorbencies plotted against the irradiation time (Figure 6.5).  
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Figure 6.5 – Maximal absorbance, associated with the π-π* transitions, measured in the corrected spectra of U, 
5FU and 5BrU as a function of the irradiation with Nd:YAG at laser fluence 25.5x1013 W/m2 (Z = 1mm). 

 

For uracil, a highest rate of decomposition was noted, of approximately 65 % for the 20 mins 

irradiation time. It is followed by 5FU with a decrease in the characteristic peak of 61 % and 

5BrU showing a reduction of around 54 %. Similar trends where obtained for the different 

positions analysed whose plots are presented in S.I. 6.8.2.  

To analyse the variations occurring in the AuNPs SPR absorption band, the maximum 

absorption at 532 nm was plotted for the different sample positions (z) at the exposure time 

of 20 minutes and are presented in Figure 6.6. The irradiated volume decreases with sample 

position due to the conical distribution of the beam. As the sample moves up, the irradiated 

volume decreases, as shown in Table 6.2 – Variation of the irradiated volume and temperature 

of the AuNPs with sample position., hence increasing the energy deposited per volume per pulse 

(i.e. irradiation dose). The dose (and hence the temperature), on the other hand, has an effect 

on the response of the NPs, namely on the size distribution, which will also dictate the SPR 

absorption characteristics (area, peak position). Thus, position 0 will have a larger irradiated 

volume, a lower dose as well as lower increase in temperature (~1700 K) while position 10 

has the smallest irradiated volume, a higher dose and a three-fold temperature increase to 

about 4600 K. The (rough) estimation of temperature was carried considering that the 1/100 

of the energy pulse was absorbed by all 20 nm radius NPs in the illuminated volume, using 

bulk Au constants. The temperature will affect the dynamics of the destruction (explosion) of 
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the AuNPs, cooling (water does not absorb in these wavelengths and the measured 

temperature remained close to RT) and aggregation of the AuNPs. In fact, for the irradiation 

times up to 1 minute, preliminary DLS and TEM measurements (data not showed) revealed a 

normal distribution of NPs centred at ≈1 nm diameter. As the dose increases, large particles 

of diameter greater than 30 nm are also observed [19]. 

Table 6.2 – Variation of the irradiated volume and temperature of the AuNPs with sample position. 

Position Z 
(mm) 

Surface fluence 
(W/m2) 

Illuminated 
volume (m3) 

Illuminated 
volume (%) ΔT (K) 

0 4.02x1014 4.2 x10-08 2.10 1700 
1 2.55 x1014 3.7 x10-08 1.85 1900 
2 1.82 x1014 3.2 x10-08 1.63 2200 

3.5 1.00 x1014 2.7 x10-08 1.34 2700 
5 6.63 x1013 2.2 x10-08 1.11 3200 

10 1.56 x1013 1.6x10-08 0.78 4600 

 

The maximum absorbances of the characteristic wavelength for each NB+AuNPs was plotted 

against laser fluence and is presented in Figure 6.6 a). The data suggest that 5BrU has a slower 

decomposition rate as predicted. 
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Figure 6.6 – Maximum absorbance of a) solutions uracil (red), 5FU (blue) and 5BrU (grey) with AuNPs, at 258 
266 and 277 nm, respectively, after 20 minutes of laser illumination, and b) absorption of  AuNPs solutions with 
uracil (red), 5FU (blue) and 5BrU (grey) for the characteristic SPR at 532 nm, after 20 minutes of laser 
illumination, plotted as a function of laser fluence.  
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Both U and 5FU present a very similar trend, and all the NBs reached a minimum of the 

absorption at 1013 W/m2 (position 3.5 mm), fluences where there are essentially 2 nm NPs, 

resulting in a large decrease of the plasmon band. As the laser fluences increases (positions 5 

and 10), the average size of the particles tend to increase due to coalescence, increasing the 

intensity of the SPR absorption band. This may indicate that for higher area to volume ratio 

(positions 0 to 3.5 mm) the reaction occurs at a higher rate. This rate decreases as some large 

particles are formed (positions 5 and 10), which decrease the area/volume ratio. It is worth 

noting that at positions 5 and 10 the boiling temperature of bulk gold (2792 K) is exceeded. 

 

6.4.3. Do the AuNPs enhance the laser irradiation effect? 

To answer this question, we have exposed the three NBs to the laser radiation under the same 

conditions. As discussed previously, we have chosen the position of Z = 1 mm, and 20 minutes 

as maximum of exposure period. For each compound, we have performed the experiments 

in the absence of AuNPs, using the same final concentration of NB, and with solutions freshly 

prepared. The data treatment applied to the spectra obtained follows the same rationale used 

for the samples with AuNPs, however here the control is only UHPW irradiated in the same 

conditions as the samples and is presented in detail in S.I. 6.8.3. Figure 6.7 a) was generated 

from the Gaussian fit to the π-π* transitions of the NBs varying with time in absence of AuNPs, 

and in Figure 6.7 b) the same data as in Figure 6.5 are shown, thus the maximum absorbance 

in NBs solutions with AuNPs up to 20 minutes of irradiation. 
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Figure 6.7 – Changes in the maximum absorbance of the NBs in study after exposure to laser light a) without 
AuNPs, and b) in presence of AuNPs, performed at laser fluence 25.5x1013 W/m2 (Z = 1 mm). 
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The results presented above clearly show that the presence of AuNPs during the irradiation 

with the 532 nm Nd:YAG laser dramatically enhances the degradation of all the nucleobases 

under study as compared to nucleobases irradiated under the same conditions in the absence 

of AuNPs. The percentage variation of the π-π* transitions for the NBs was determined 

through the following equation: 

∆𝐴𝐴𝐴𝐴𝐿𝐿 = 𝐴𝐴𝐴𝐴𝑝𝑝0−𝐴𝐴𝐴𝐴𝑝𝑝𝑛𝑛
𝐴𝐴𝐴𝐴𝑝𝑝0

× 100 %,      [6.1] 

where ∆𝐴𝐴𝐴𝐴𝐿𝐿 is the variation of the absorbances, Abs0 the absorption before the laser 

illumination and Absn corresponds to the absorption measured for a specific irradiation time 

between 1 and 20 minutes, and the result is presented in Table 6.3. Uracil is the NB that 

absorbs more light and thus presents the highest reduction of the peak for the maximum time 

of irradiation in presence of AuNPs. In the absence of the AuNPs, the laser light itself does not 

seem to be able to induce significant decomposition of the NBs. 

Table 6.3 – Summary of the reduction (in percentage) of the characteristic band for each nucleobase with the 
increase of the illumination time (Z= 1 mm). 

Irradiation time 
(minutes) 

Presence of AuNPs Absence of AuNPs 
U 5FU 5BrU U 5FU 5BrU 

0 0 0 0 0 0 0 
1 10 7 8 0 2 0 
5 21 17 22 1 2 0 

10 36 32 34 1 3 1 
20 65 61 54 1 3 1 

 

6.4.4. Concentration calculations 

The results described in this work show the reduction of the π-π* absorption band for the 

three NBs in study, after irradiation in the presence of AuNPs. Therefore, it is important to 

understand the mechanism that drives this damage. Since we expect that the decomposition 

of 5FU and 5BrU increases with irradiation time, an increase in the concentration of the uracil 

should be observed providing that dehalogenation is the key mechanism. We have thus 

estimated the amount of 5FU, 5BrU and U that are being formed/decomposed. The Gaussian 

fit for two peaks with maximum wavelengths of 258 and 266 nm for each individual spectrum 

presented in Figure 6.4 2c) (5FU results), and two peaks with maximum of 258 and 277 nm 
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for each individual spectrum presented in Figure 6.4 3c) (5BrU results), were calculated from 

the respective absorbances. The next step was to determine the concentration of each pair 

(5FU+U and 5BrU+U) using the linear fit equation employed already in Figure 6.4 2 b), thus 

creating standard curves of 5FU and 5BrU. An example of the data analysis for 5BrU is shown 

in the plots presented in Figure 6.8.  
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Figure 6.8 – Example of the data analysis: a) corrected 5BrU+AuNPs spectra (Fig. 6.4 3c)); b) Gaussian fit of the 
two peaks, ≈204 nm and 277 nm, in the 10 minutes spectra; c) subtraction of the band @204 nm and resulting 
spectra for all the irradiation periods; and d) Gaussian fit for U and 5BrU bands @258 and 277 nm, respectively 
(Z= 1 mm). 

 

The values of concentration obtained with increasing irradiation time of 5FU are shown in 

Figure 6.9 a) and irradiation of 5BrU are shown in Figure 6.9 b). The results obtained show 

that both molecules are strongly affected by the exposure to the laser light, suggesting that 

although 5BrU is more transparent than 5FU to photons, the total amount of U formed from 

the decomposition of the parent molecule during the irradiation is higher. Moreover, 30 

minutes of irradiation lead to a decrease of approximately 100 % of the 5FU concentration 

and ≈90 % for the 5BrU. 
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Figure 6.9 – Variations in the concentration of the a) U and 5FU characteristic bands when 5FU is irradiated with 
AuNPs, and b) U and 5BrU characteristic bands when 5BrU is irradiated with AuNPs, after exposure to laser light, 
performed at laser fluence 25.5x1013 W/m2 (Z = 1mm). 

The similar decrease in the concentration of both 5FU and 5BrU is attributed to the 

dehalogenation. This process is nearly linear in the case of 5FU, its concentration decreasing 

close to zero after 30 minutes irradiation, while for 5BrU there is an exponential decay, with 

a final (30 min) concentration of about 3 µM.  

The trend in changes of uracil levels also differs between the two target molecules. The 

absence of U signal in the case of 5FU indicates that there is immediate ring fragmentation as 

U is produced from the above-mentioned dehalogenation process. In the case of 5BrU, when 

the dehalogenation process is more effective (up to 5 minutes, steeper curve) the U 

concentration is nearly zero and as this process decelerates (5 to 30 minutes) the U 

concentration increases, possibly from the dehalogenation of the recombined 5BrU. It is 

worth noting that for 20 and 30 minutes irradiations an additional absorption band at lower 

wavelengths can be observed (Figure 6.8 c)) that may enlarge the obtained values of U 

concentration. The expected simultaneous reactions for the decomposition pattern of these 

NBs are presented in Table 6.4. 

Table 6.4 – Equations of the decomposition reactions expected to occur for 5FU and 5BrU, with the increasing 
of the irradiation time. 

Reactions 5FU 5BrU 
Dehalogenation Inhibited or very poor 𝐵𝐵𝐿𝐿𝑈𝑈 + ℎ𝑣𝑣 ⇌ 𝐵𝐵𝐿𝐿 + 𝑈𝑈 
Ring fragmentation 𝑈𝑈 + ℎ𝑣𝑣 → 𝐿𝐿𝑟𝑟𝑓𝑓𝑔𝑔 𝑓𝑓𝐿𝐿𝐿𝐿𝑔𝑔𝑓𝑓𝑒𝑒𝑓𝑓𝑓𝑓𝐿𝐿𝑓𝑓𝑟𝑟𝑓𝑓𝑓𝑓 𝐵𝐵𝐿𝐿𝑈𝑈 + 𝑈𝑈 +  ℎ𝑣𝑣 → 𝐿𝐿𝑟𝑟𝑓𝑓𝑔𝑔 𝑓𝑓𝐿𝐿𝐿𝐿𝑔𝑔𝑓𝑓𝑒𝑒𝑓𝑓𝑓𝑓𝐿𝐿𝑓𝑓𝑟𝑟𝑓𝑓𝑓𝑓 + 𝑈𝑈 
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6.5.  Conclusions 

We presented a novel approach to study the response of the RNA base uracil and its 

halogenated analogues to laser photon irradiation in the presence and absence of gold 

nanoparticles. Our results show clearly that the presence of nanoparticles dramatically 

increases the levels of damage to modified nucleobases, causing dehalogenation along with 

damage to the aromatic ring of the base, seen as a loss of the absorption signal with increasing 

irradiation time. This effect is more pronounced for 5FU than for 5BrU. In fact, 5BrU 

decomposition is attributed to simultaneous dehalogenation and ring fragmentation, 

whereas additional recombination of detached Br and U may influence the results. These 

interesting and novel observations not only present a potential for a new, combined chemo-

phototherapy but also proves the outstanding potential of AuNPs as sensitizers. 
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6.8. Supporting Information 

S.I. 6.8.1 Laser fluence 
S.I. Table 6.1 – Laser fluence for each focal point chose and respective beam diameter. 

Focal distance 
(mm) 

Beam diameter 
(mm) 

Surface area 
(m2) 

Laser Fluence 
(W/m2) 

0 0.39 1.19x10-07 40.2x1013 
1 0.49 1.89 x10-07 25.5 x1013 
2 0.58 2.64 x10-07 18.2 x1013 

3.5 0.78 4.78 x10-07 10.0 x1013 
5 0.96 7.24 x10-07 6.63 x1013 

10 1.98 3.08 x10-06 1.56 x1013 
 
 

S.I. 6.8.2 Maximal absorbance for U, 5FU and 5BrU 

S.I. Table 6.2 – Maximal absorbance, associated with the π-π* transitions, measured in the corrected spectra of 

U, 5FU and 5BrU as a function of the irradiation with Nd:YAG at laser fluence. 
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S.I. 6.8.3 Spectra correction in absence of AuNPs  
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S.I. 6.1 – Absorption spectra of 1) U; 2) 5FU; and 3) 5BrU exposed to Nd:YAG laser radiation of 532 nm up to 20 

minutes with a) showing the raw spectra of NBs solutions, b) the raw spectra of UHPW and c) the correction of 

the nucleobase absorption spectra by subtracting the spectrum of nucleobase irradiated with the correspondent 

spectrum obtained for the control (UHPW) irradiated. Z = 1 mm. 
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DNA damage enhancement through radical 
formation1 

7. DNA damage enhancement through radical formation case study 

7.1. Abstract 

A long-standing goal in photodynamic therapy is to use visible light for cancer treatment. One 

of the emerging treatments is photothermal therapy in which visible light is used in conjunc-

tion with gold nanoparticles (AuNPs) to generate a surface plasmon resonance on the AuNPs. 

In this work, we analyse the contribution of the size of the AuNPs to the damage efficiency in 

the plasmid deoxyribonucleic acid (DNA) when irradiated with 532 nm light delivered from a 

Nd:YAG pulsed laser. We have demonstrated that an intensity of 5.0 x 1014 W.m-2 from the 

Nd:YAG laser is sufficient to enhance damage to plasmid DNA molecules in aqueous solutions, 

mainly through water photoionization leading to free radical-induced products such as DNA 

single-strand breaks (SSBs) and DNA double-strand breaks (DSBs), a rising bulk temperature 

and AuNPs explosions created by Coulomb effect.  Results also demonstrate that such irradi-

ation leads to a major reduction in the diameter of the AuNPs, evaluated by dynamic light 

scattering and transmission electron microscopy techniques, from 40 to ≈ 3 nm after one 

minute of laser exposition. The addition of a hydroxyl radical scavenger, ethanol (EtOH), to 

plasmid DNA in the presence of AuNPs reduces the DNA damage, suggesting that DNA dam-

age is induced mostly by free radicals. 

 

 

 

1This chapter is based on the following publication: 

T.S. Marques, G. Ferreira, M.A. Śmiałek, J.P. Golding, M. Raposo, S. Eden and N.J. Mason. DNA damage 
enhancement through radical formation by Nd:YAG laser irradiation of gold nanoparticles. Manuscript under 
preparation for submission.   
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7.2. Introduction 

Cancer remains one of the most challenging diseases in the world, inspiring researchers to 

study and mitigate it through different approaches. Depending on the type of cancer and its 

location, treatments are adjusted to achieve the greatest efficiency in eradicating the tumour 

cells and  preventing the disease from spreading [1], while limiting damage to healthy cells in 

the vicinity of the tumour. To achieve this local action, noble metal nanoparticles (NPs) are 

being exploited along with several energy sources to concentrate damage in biological mole-

cules such as deoxyribonucleic acid (DNA) within tumour cells [2], [3]. Although techniques 

and therapies have undergone many advancements in recent years, the development of new 

and more efficient cancer treatments remains one of the significant challenges within the sci-

entific community. One of the emerging treatments is photothermal therapy (PTT)  in con-

junction with the use nanoparticles [4]–[7]. Recent work in this field has  shown  evidence of 

the efficacy of this concomitancy on different types of cancers, for instance, breast cancer, 

skin cancer, prostate cancer, brain tumours, oral cancer, among others [5], [6], [8], [9]. Gold 

nanoparticles (AuNPs) have been at  the forefront of medical research due to their optical 

characteristics (e.g. tunable surface plasmon resonance in the visible region) as well as their 

excellent biocompatibility [8], [10], [11]. The uptake of AuNPs into cancer cells increases cell 

death by PPT and can be attributed to three major processes occurring locally to the AuNPs: 

1) sharp increases in temperature; 2) enhanced production of water-derived free-radicals; 

and 3) dissolved oxygen in the surrounding medium [12], [13]. These radicals react with 

nearby molecules in a very short life-time (17  to 10-10 s) resulting in breakage of chemical 

bonds or oxidation of the affected molecules [14], [15]. However, the critical effect in the cells 

results from the formation of strand breaks in DNA [8], [10]. Yet, the specific mechanisms 

responsible for AuNP-enhanced radiation damage to DNA and their relative importance are 

not fully understood.  

DNA damage induced by radiation is due to direct effects (DNA and other biological molecules 

interact directly with the radiation leading to structural alterations including cell death), and 

indirect effects, namely by free radicals formed during water radiolysis, the process of 

decomposition of water molecules through ionizing radiation [16], that will react with the 

biomolecules causing molecular structural damage and the death of the cell [17]. The radicals 
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produced during water radiolysis are hydrated electrons(𝑒𝑒 −𝑎𝑎𝑎𝑎), hydroxyl radicals (OH•), 

hydrogen atoms (H•), superoxide (O2•-) and hydroperoxyl radicals (HO2•). The molecular 

products formed are hydrogen (H2) and hydrogen peroxide (H2O2). These species, namely 

OH•, HO2• and H2O2,  can act as oxidizing agents or reducing species (𝑒𝑒 −𝑎𝑎𝑎𝑎 and H•) [16]. 

𝐻𝐻2𝑂𝑂 
   𝐼𝐼𝐼𝐼𝑒𝑒𝑤𝑤𝐼𝐼𝑤𝑤𝑒𝑒𝑒𝑒 𝑒𝑒𝑎𝑎𝑑𝑑𝑤𝑤𝑎𝑎𝑑𝑑𝑤𝑤𝐼𝐼𝑒𝑒   
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�  𝑒𝑒𝑎𝑎𝑎𝑎− ,𝑂𝑂𝐻𝐻•,𝐻𝐻•,𝐻𝐻𝑂𝑂2•,𝐻𝐻3𝑂𝑂+,𝑂𝑂𝐻𝐻−,𝐻𝐻2𝑂𝑂2,𝐻𝐻2 

Saha, G. (2013) reported that the indirect processes are  far more relevant in the radiation-

induced damage since water is the major constituent of cells, and the ultimate outcome of 

ionizing radiation, direct or indirect,  induced alterations in biomolecules and cells that can 

manifest themselves a long time after the exposure to radiation (seconds or even decades 

later) [17], [18]. The most relevant DNA lesions caused by radiation are usually reported as 

base damage and single and double-strand breaks (SSB and DSB) [19]. Several researchers 

have been studying the methods to demonstrate and evaluate the extension of biological 

damage and one of the techniques most commonly used is agarose gel electrophoresis (AGE), 

a simple and efficient method to analyse DNA alterations [20], [21]. These types of DNA 

damage lead to mutations, carcinogenesis and, ultimately, in cell death, with DSB  alterations 

causing the  most injurious effects [19].  

The efficacy of cancer treatments can be increased using NPs, which can act as a 

radiosensitizer. In this context, several researchers are studying the incorporation of metallic 

NPs to the irradiated system, where they act as radiation magnifiers, tunnelling higher 

quantities of the energy deposited to the tumour cells, thus increasing the radiosensitization 

[22]. Gilles, et. al (2018) showed that irradiated gold nanoparticles (AuNPs) in a water 

medium, increased the production of free radicals, considered as a second step of the 

irradiation. The first step is the absorption of energy by the AuNPs that will lead to a chemical 

reaction of the AuNPs and water, resulting in the formation of reactive species [23]. The 

extension of each of these steps involved in biological damage is intrinsically related to  the 

radiation type and energy, the constituents of the NPs as well as their size, shape and coating, 

cell location and quantity [22], [23].   

In this work, plasmid DNA in aqueous solutions was irradiated with 532 nm pulsed laser light 

for different periods of time, in the presence and absence of AuNPs. The second harmonic of 
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the Nd:YAG laser was chosen since the characteristic surface plasmon resonance (SPR) band 

of the AuNPs with 40 nm is located around 530 nm, and the main goal of this work is to exploit 

AuNPs effect in order to study induced damage. The irradiation setup and method were 

developed by I. Bald and co-workers and are described in reference [10].  

A selection of different techniques was applied to characterize DNA damage effects of AuNPs 

in the irradiated samples, including agarose gel electrophoresis (AGE), UV-Visible (UV-Vis) 

spectroscopy, and fluorescence spectroscopy. AGE and fluorescence measurements following 

irradiation with and without free radical inhibitors confirm that water-derived free radicals 

produced during the laser exposure are responsible for extensive cleavage of the DNA 

strands. Moreover, free radical driven-damage is strongly enhanced in the presence of AuNPs 

and ethanol was used to confirm the formation of these radical species. These findings 

support the hypothesis of the size dependency of AuNPs on laser-induced DNA damage.   

 

7.3. Experimental section 

 Experimental conditions 

In this work we have exposed different plasmid DNA solutions to visible light from a Nd:YAG 

pulsed laser in order to study the damage produced. The solutions of plasmid DNA were 

irradiated in the presence (samples entitled AuNPs_YAG) and absence (No_AuNPs_YAG) of 

AuNPs, and compared with the non-irradiated controls (AuNPs and No_AuNPs). To 

understand the damage driven by free radicals production we have added an OH• scavenger 

(ethanol, EtOH) to the samples without plasmid DNA and proceeded with similar rational. The 

effect of the laser in the illuminated AuNPs solutions was measured by subtracting the control 

solutions (in presence and absence of AuNPs and EtOH) from plasmid DNA solutions in the 

presence and absence of AuNPs and EtOH (AuNPs_EtOH). 
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 Irradiation setup and UV-Visible measurements 

In these experiments, we have replicated the setup described by Schürmann and co-workers 

[24] and used it without further modifications. Briefly, samples were irradiated with Nd:YAG 

ns-pulsed laser (Minilite I) from Continuum. The energy was tuned to 16 mJ and the pulse 

repetition rate was 15 Hz. The diameter of the beam at the solution surface was 0.35 mm, 

and the pulse width was   4.0 × 10−9 𝐿𝐿, thus the calculated laser fluence from equation [7.1] 

was 5.0 × 1014  W·m-2: 

𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝐿𝐿 𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒𝑓𝑓𝑓𝑓𝑒𝑒 = 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑 𝑝𝑝𝑒𝑒𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒
𝐴𝐴𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒× 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒 𝑤𝑤𝑤𝑤𝑑𝑑𝑑𝑑ℎ

 .    [7.1] 

The irradiation system focused the beam to a spot of the area of 0.096 mm2, and the 

solutions were irradiated from the top and stirred on a magnetic plate during the process. 

Before each set of irradiations, the power of the beam was assessed using a laser power meter 

(UNO from gentec-EO). All measurements were performed at room temperature (RT) in 

triplicate, with ultra-high pure water (UHPW) as reference. Samples were placed in QS (quartz 

glass high performance) cuvettes (Hellma®) with light path of 1 cm. The samples were 

irradiated up to 30 minutes in the absence and presence of AuNPs to evaluate their 

effectiveness. The UV spectroscopic measurements were performed using a Thermo 

ScientificTM EvolutionTM 201 (UK) spectrometer operating over the range of 190 to 360 nm, 

with a bandwidth of 1 nm and data intervals of 0.2 nm.  

For all experiments, with and without AuNPs, UV-Vis spectra were recorded under the same 

conditions for the samples and controls (UHPW for solutions in absence of AuNPs, and AuNPs 

for samples in presence of AuNPs) and the final UV-Vis plots presented in this work 

correspond to the subtraction of the control (background) data from sample data.  
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 Plasmid DNA Preparation 

The strain E. coli DH5α competent cells was used as a bacterial host for plasmid pBV-Luc/Del-

6, a gift from Joan Massague, Addgene plasmid # 14969, with the size of 4.9 kbp. Single 

colonies of the bacteria were cultivated in 1 L glass flasks containing 200 mL Luria Bertani (LB) 

medium L3022 purchased from Sigma-Aldrich (UK) and 50 µg/ml ampicillin (Sigma-Aldrich, 

UK) antibiotic. Bacteria were grown overnight on a shaker (New Brunswick™ Scientific Classic 

C10, Eppendorf, UK) at 37°C and 100 rpm. The amplified bacteria were centrifuged at 4°C, 

6000 x g for 30 minutes (using Sorvall™ RC 6 Plus Centrifuge, rotor SS-34, Thermo Scientific™, 

UK), and the remaining bacterial pellet was air-dried for approximately 1 hour. Plasmid DNA 

was isolated and purified using the QIAGEN Plasmid Maxi Kit (QIAGEN, Hilden, Germany) 

according to the manufacturer’s instructions. The concentration of the extracted DNA was 

determined spectrophotometrically by measuring absorbance at 260 nm using a NanoDrop™ 

One Microvolume UV-Vis Spectrophotometer from Thermo Scientific™, UK. 

 

 DNA and AuNPs solutions  

UHPW from a Suez®- Purite Neptune purification system (resistivity 18.2 MΩ·cm) was used to 

prepare all the solutions used in this work. A solution of AuNPs with 40 nm diameter, 

9.00 × 1010 particles/mL, was purchased from British Biocell International (BBITM Solutions, 

Cardiff, UK) and used without further modifications. Samples were prepared in a quartz 

cuvette with a final concentration of 25 µg/mL DNA and 44.7 pM of AuNP solution, before 

each set of irradiations. 

 

 Agarose Gel Electrophoresis 

Agarose gel electrophoresis (AGE) was performed using a horizontal gel system, and the gel 

was prepared in the concentration of 1.0 % agarose (Seakem ® LE Agarose, Cambrex, UK) in 

1x Tris/Borate/EDTA buffer (TBE) at pH 8.0 and run at 8 V/cm at RT for 2 h. Four μL of sample 

solution were mixed with 2 μL of bromophenol blue used as loading dye and loaded into the 
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well of the agarose gel. To stain DNA, 0.3 µg/mL of ethidium bromide was added to the 

agarose mixture before it solidified. Three microliters of Quick-Load® Purple 1 kbp DNA ladder 

(New England Biolabs, Ipswich, Massachusetts) was used as reference to the correction of the 

fluorescence intensity of the DNA conformations. The different conformations of plasmid 

DNA were visualized using a UV transilluminator (G:Box Chemi XX6, Syngene, Cambridge, UK). 

The DNA bands were imaged by a high quantum efficiency (QE) camera. The DNA bands were 

analysed with GeneTools (Syngene, Cambridge, UK) and for the interpretation of the results, 

the sum of the fractions of supercoiled (SC), relaxed (R) and linear (L) forms was assumed as 

100 %. With our samples, SC and R plasmid bands were the native ones, with the SC band 

being the highest intensity in all control samples. Therefore, DNA damage was  characterised 

by the measured  increase of the R form, with consequent decrease of the SC, and the 

appearance of a new band – L conformation [25].  

The R band of plasmid DNA corresponds to the fraction of induced SSBs, while the L band 

corresponds to the fraction of induced DSBs [25]. DNA damage was quantified by integrating 

the fluorescence intensity of the three possible DNA conformations. The yields of each form 

of plasmid DNA were quantified by integrating the corresponding fluorescence intensity of 

the gel bands using GeneTools software.  

 

  AuNPs size distribution measurements 

Dynamic light scattering (DLS) analysis of irradiated AuNPs was performed using a Nanotrac® 

Flex 180° backscattering DLS system (Microtrac, UK) equipped with a red laser (780 nm, 

5 mW) and a photodetector. Aliquots of 10 µl from the AuNPs solutions were placed on the 

sample holder and analysed in triplicate. Each measurement was an average of 30-seconds 

runs. The AuNPs size distribution was measured by transmission electron microscopy (TEM) 

imaging using a JEM-2100 microscope (JEOL®, USA) at an accelerating voltage of 100 kV and 

a magnification from x50 000 to x200 000. Aliquots of 2 µl of AuNPs were air-dried overnight 

on an electrostatically discharged carbon mesh grid before electron microscopy.  The 

nanoparticle size was measured after applying a threshold to TEM images using ImageJ® 

software, where the data of the area of AuNPs was obtained. The AuNPs diameter was 
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calculated from the area values from the 2D images, assuming that each AuNPs shape is a 

sphere. Moreover, DLS allows to measure the polydispersity index (PDI) of the AuNPs in 

solution, enabling to infer on the aggregation of the NPs upon laser illumination. 

 

 Free radical assays 

The action of a free radical through oxidation damages biological molecules such as DNA. In 

these experiments, free radicals are formed during water radiolysis, and they are integral to 

DNA damage and will be studied using fluorescence probes.  

 

7.3.7.1. Coumarin-3-carboxylic acid 

To evaluate 7-hydroxycoumarin-3-carboxylic acid (7-OHCCA) activity in the solutions we have 

followed the method previously described by Park et al [26]. Coumarin-3-carboxylic acid (3-

CCA) is a fluorogenic probe that is sensitive to OH•, thus 3-CCA oxidation originates 7-OHCCA 

and the fluorescence intensity is measured to estimate the production of OH•. A stock 

solution of 3-CCA 5 mM was prepared in phosphate-buffered saline (PBS at 3%) at RT until 

the 3-CCA was fully dissolved. The, pH was adjusted to 7.4 with a solution of hydrochloric acid 

(HCl 1 M). Since this method is highly sensitive to pH alterations, control samples were carried 

and subtracted from the experimental results to minimize the influence of external factors. A 

calibration curve of 7-OHCCA was prepared in phosphate-buffered saline (PBS) with several 

dilutions of the stock solution (10 up to 100 μM), and the results were corrected using the 

control. The fluorescence intensity was measured, in quadruplicate, with a FLUOstar OPTIMA 

FL - Microplate Reader from BMG LABTECH, using the emission wavelength of 450 nm, 

excitation of 390 nm and a fluorescence-signal gain of 2500. 3-CCA solutions were prepared 

with a final concentration of 2.5 mM in the presence and absence of AuNPs. The samples 

were irradiated by the Nd:YAG pulsed laser for up to 30 minutes and fluorescence intensity 

was measured in quadruplicate for each exposure time. Control samples were also carried 

out in the presence and absence of AuNPs. 
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7.3.7.2. Dihydrorhodamine-123 

To evaluate H2O2 activity in the solutions we have followed the method previously described 

by Wang et al [27]. The principle of the method is based on the oxidation of the 

Dihydrorhodamine-123 (DHR-123) molecules giving rise to rhodamine 123 (RHD-123), a 

fluorescent molecule, which allows the detection of H2O2 in solution. Stock solutions of      

DHR-123 (5 mM) were prepared in 3 % PBS at RT. The pH was adjusted to 7.4 with the solution 

of 1 M HCl. The fluorescence intensity was measured for the samples in the presence and 

absence of AuNPs and with 2.5 mM DHR-123, final concentration. A calibration curve of    

RHD-123 was prepared in phosphate-buffered saline (PBS) with several dilutions of the stock 

solution (8.4 × 10−6 to 6.4 × 10−3μM), and the results were corrected to the control. The 

samples were irradiated with a Nd:YAG pulsed laser for up to 30 minutes, and fluorescence 

intensity was measured, in quadruplicate, with a FLUOstar OPTIMA FL - Microplate Reader 

from BMG LABTECH, using the emission wavelength of 544 nm, excitation of 485 nm and a 

gain of 1500, for each exposure time. Control samples were carried out. 

 

7.3.7.3. Ethanol as hydroxyl scavenger 

To evaluate the effect of hydroxyl radicals (OH•), ethanol was chosen as an OH• scavenger 

[28]. Pure ethanol was added to the solutions with AuNPs to achieve the final concentration 

of 5 % ethanol, and the irradiations proceeded as usual. After different periods of laser light 

exposure (up to 30 minutes), aliquots were placed into a 96-well plate and the fluorescence 

was measured as for the 3-CCA. All measurements were performed in quadruplicate and a 

control sample was measured as well. After irradiation, samples were loaded on a agarose gel 

and the bands were revealed with UV gel doc system (G:BOX Chemi XX9 from Syngene). The 

results were compared with control samples irradiated for the same periods to evaluate the 

role of the OH• radicals in the solutions. 
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7.4. Results and discussion 

7.4.1. UV-Visible spectroscopy 

The UV-Visible (UV-Vis) spectra (from 190 to 800 nm) of all samples were recorded to evaluate 

the effects of the exposure to the laser light. It is important to mention the reasons why we 

used a wavelength range from 190 to 370 nm for most of the UV-Vis measurements. Firstly it 

is where DNA molecules absorb and, secondly this is because the characteristic surface 

plasmon resonance (SPR) band of the AuNPs is located around 530 nm and we did not analyse 

the effects on this spectral region. The necessary increase in the resolution of the spectra 

from 1 nm step to 0.2 nm in the UV region would lead to a huge increase of the integration 

time, if data were acquired in the same conditions from 190 to 800 nm (≈3 times longer). 

Since we were interested in changes on the characteristic DNA band that is at 260 nm and we 

have observed in previous irradiations that AuNPs SPR is very stable during the exposure 

periods chosen, we decided to decrease the spectral range and increase its wavelength 

resolution. We thus aimed to detect any minor differences and/or shifts in the characteristic 

band of the DNA.  

During the experiments, we intended to evaluate the effect of the Nd:YAG laser at 532 nm  

on DNA molecules as well as on the AuNPs. UV-Vis spectroscopy allows rapid detection of 

optical changes in the characteristic absorption spectra of the species under study. The 

characteristic spectra for plasmid DNA and AuNPs in aqueous solutions, which are the control 

samples without exposure to the laser light, are shown in Figure 7.1. The signature bands are 

localised at the maximum wavelength of 260 nm for DNA and 526 nm for AuNPs. 
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Figure 7.1– Characteristic UV-Vis spectra of a) plasmid DNA and b) AuNPs, both in aqueous solution. 

 

To study the stability of plasmid DNA solutions in both the absence and presence of AuNPs, 

absorption spectra were recorded up to 30 minutes and the results obtained are presented 

in Figure 7.2. For all the plots presented below without irradiation, the solutions were kept in 

the dark at room conditions between measurements. 

A similar rational was performed to evaluate the stability of the irradiated samples. We 

irradiated the solutions in the absence and presence of AuNPs and recorded the spectra in 

the same conditions used for the non-irradiated samples. The results obtained are also 

presented in Figure 7.2. All spectra where background corrected and the plots are shown in 

S.I. 7.1. The first spectra plotted in Figure 7.2a) correspond to the solutions of plasmid DNA 

without AuNPs, not exposed to laser light and the spectra of Figure 7.2b) to plasmid DNA in 

presence of AuNPs. Figure 7.2c) and d) show the UV-Vis results for the plasmid DNA irradiated 

in absence and presence of AuNPs, respectively. These results show that the plasmid DNA 

optical features do not undergo significant changes in aqueous solution at RT up to 

approximately thirty minutes.  
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Figure 7.2 – Spectroscopic measurements to assess the stability of plasmid aqueous solution. First two plots in 

the left (a and b) correspond to non-irradiated samples, and the following to the irradiated ones (c and d). The 

samples analysed were: a) UHPW non-irradiated, corresponding to the control solution in absence of AuNPs and 

without irradiation; b) non-irradiated AuNPs, corresponding to the control solution in presence of AuNPs and 

without irradiation; c) UHPW irradiated, corresponding to the control solution in absence of AuNPs and 

irradiated; and d) irradiated AuNPs, corresponding to the control solution in presence of AuNPs and irradiated. 

For all plasmid DNA solutions, the spectra were recorded up to 30 minutes. 

 

Figure 7.2c) presents the spectra of plasmid DNA solutions irradiated with Nd:YAG ns-pulsed 

laser, without AuNPs, up to 30 minutes. The spectra suggest that the Nd:YAG has minor effect 

on the DNA signature band, which can be related to the fact that DNA does not absorb visible 

light. The maximum absorption band of DNA located at 260 nm is due to nucleotides that 

form DNA strands. Figure 7.2d) shows the results obtained on irradiated solutions with AuNPs 

and DNA, from which we can conclude that the presence of the AuNPs does not significantly 

change the absorption spectra of the plasmid DNA. The absence of spectral modifications 

suggest that DNA molecules are not affected by the laser light when in aqueous solution, with 

or without AuNPs or the modifications occurred are not detectable by this technique, since 

DNA molecules can be intact or fragmented and should still give the same 260 nm absorbance. 

Moreover, to verify the integrity of DNA strands, further experiments with gel electrophoresis 

or melting point analyses will reveal the DNA structure changes. 



153 

Figure 7.3 shows the maximum absorption at 260 nm vs. irradiation time for the solutions of 

plasmid DNA with and without AuNPs. The solutions irradiated in the presence of AuNPs 

show, in general, slightly higher absorbance (up to 3 %) at this characteristic band of DNA. 

The contribution from the AuNPs in the DNA characteristic absorption region, should not 

affect the corrected spectra: the spectra for each irradiation time were corrected with the 

respective blank solutions. The small variation observed in the absorbance of both samples 

suggests that DNA is slightly affected by the exposure to Nd:YAG pulsed laser or the presence 

of AuNPs, however we cannot identify the DNA conformations through these results and thus 

distinguish between SSBs and DSBs. 
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Figure 7.3 – Comparison between maximum absorption at 260 nm, for each illumination period with Nd:YAG 

laser, for solutions of plasmid DNA with (red) and without (blue) AuNPs. 

 

UV-Vis shows insignificant variations in the DNA absorption band. This can be due to low 

sensitivity of this technique to changes in the DNA band or because DNA does not absorb 

visible light, which led us to evaluate the possible damage caused by the exposition to laser 

light by other techniques, such as agarose electrophoresis gel (AGE) to assess the damage in 

single-strand breaks (SSB) and double-strand breaks (DSB) on the DNA.  

To evaluate the response of AuNPs solutions to laser light, we have measured the UV-Vis 

spectra of AuNPs solution after laser irradiation up to 30 minutes (Figure 7.4). The 

characteristic surface plasmon resonance (SPR) band of AuNPs can be observed at 526 nm 

(black line). With the increase of the irradiation time, one can observe a decrease in the 
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absorbance of the SPR band accompanied by a blue shift of its maximum and an increase in 

its FWHM. We suspect that this decrease in absorbance is related to the size reduction of the 

AuNPs. According to Link [29], a decrease in  the size of the NP corresponds to a blue-shift in 

the absorption spectra, a feature that is visible in Figure 7.4. It is also well established that the 

broadening of the SPR band is inversely proportional to the radius of the NP [30], [31].  
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Figure 7.4 – UV-Vis spectra of the surface plasmon resonance (SPR) of AuNPs irradiated up to 30 minutes. 

 

To quantify the SPR absorption band reduction Figure 7.5 shows the peak area of the band at 

526 nm versus the irradiation time. The difference between the area of the control sample 

and the one irradiated for 1 minute is approximately 20 %, followed by another reduction at 

5 minutes (≈5 %), remaining nearly constant up to 30 minutes of irradiation (25 % of initial 

area decrease). 
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Figure 7.5 – SPR area modifications with the increase to the laser light exposure. 
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7.4.2. AuNPs size distribution study 

To better understand the changes of the AuNPs with the irradiation time, a size distribution 

study was carried with dynamic light scattering (DLS) and transmission electron microscopy 

(TEM) techniques. Due to equipment constraints, namely limited user-time for the 

measurements, we had to choose periods that seemed to be more relevant to analyse. 

Consequently, the size of AuNPs was assessed for control samples, 1, 5 and 30 minutes of 

laser exposition. Our previous studies pointed to the possibility of AuNPs size reduction with 

ongoing Nd:YAG laser exposition [32]. 

In Figure 7.6, one can observe the effect of the laser light on the diameter of the nanoparticles 

with the irradiation time, evaluated through DLS and TEM. The values presented correspond 

to the frequency in counts as a function of AuNPs diameter for each set of samples exposed 

to Nd:YAG laser light. TEM frequencies were normalized to DLS frequencies, dividing the 

experimental data by 10, 500, 5000 and 100 for 0, 1, 5 and 30 minutes, respectively. As the 

UV-Vis absorption spectra of the AuNPs SPR band suggested (Figure 7.5), the AuNPs decrease 

drastically their size even after with one minute of irradiation, decreasing from 40 ± 3 nm to 

approximately 1 nm. TEM results consistently showed a broader range of AuNPs sizes, but the 

averaged and most frequent size of the NPs measured is in good agreement with DLS data. 

Pearson correlation coefficient obtained was 1.00, see Table 7.1. Given that TEM 

measurements take a longer time to perform, one can attribute this size differences to some 

degree of coalescence of the small NPs, forming aggregates and, consequently TEM images 

and analyses show larger diameters with shapes different than the spherical one expected 

and observed in the control, see last column of Figure 7.6.  These variations could also be 

related with the technique sensibility, samples preparation, or short acquisition time and 

additional measurements should be taken with optimized parameters. 

In an overall analysis, most of the NPs population for irradiated samples are between 0 and 9 

nm. Regarding control samples, the dominant size observed was between 30 and 45 nm. 
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Figure 7.6 - Histogram of size distribution for AuNPs exposed to laser light for different periods obtained for DLS 

measurements (first column), and for TEM measurements (second column). In the third column TEM images of 

AuNPs solutions dried on a grid over-night are presented. First line: non-irradiated (mean diameter ≈38 nm); 

second line: AuNPs illuminated for 1 minute with Nd:YAG laser (mean diameter ≈4 nm); third line: illuminated 

for 5 minutes (mean diameter ≈ 1nm); and fourth line: AuNPs illuminated for 30 minutes (mean diameter ≈2 

nm). 

 

The average diameter found for each sample, with both techniques, is summarized in Figure 

7.7. 
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Figure 7.7  – Size distribution measured with two different techniques, DLS and TEM. The results show that both 

techniques are in good agreement on the size of the AuNPs for the same periods of illumination with the Nd:YAG 

laser (standard error of the mean is 5 %). 

 

Figure 7.7 shows that the analysis of size distribution by DLS and TEM are in good agreement. 

With both techniques we measured a reduction of about 90 % of the initial diameter of AuNPs 

(to ≈1 nm for DLS and ≈3 nm for TEM measurements) after 1 minute of exposure to the laser 

light. One of the reasons for this effect could be that the energy deposited into AuNPs is 

sufficient for the destruction of the coagulated NPs resulting in nanoparticles with reduced 

diameters. However, polydispersity index (PDI) values obtained with DLS experiments 

revealed that the coalescence of the AuNPs occurs immediately after 1 minute of illumination, 

achieving a maximum for 5 minutes of exposition. The aggregation of small AuNPs will lead 

to an increase of the NPs surface area. The evaluation of the damage of DNA molecules as a 

function of the size of AuNPs needs to be assessed to understand if there is a size dependency 

on laser-induced DNA damage. 
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7.4.3. Gel electrophoresis 

Changes in the conformation of native supercoiled DNA molecules have been observed with 

agarose gel electrophoresis following irradiation of plasmid DNA  [33]. Supercoiled (SC) and 

relaxed (R) conformations are characteristic of pure plasmid DNA, and control samples should 

not present linear (L) forms to ensure DNA integrity [34], [35]. In this experiment, we have 

exposed the DNA to laser light up to 150 minutes to record the damage caused by long 

irradiation times (Figure 7.8). The original AGE images from where the DNA conformation 

bands were calculated are presented in S.I. 7.2. 

The effects of the Nd:YAG laser irradiation at 532 nm in plasmid DNA without AuNPs are 

presented in the left plot of Figure 7.8. The damage driven by irradiation is clearly showed by 

the decrease of SC accompanied by an increase in the R conformation for up to 150 minutes 

after which only the R form is present. This is usually attributed to the formation of single-

strand breaks (SSB). The linear form, associated with double-strand breaks (DSB), remains 

approximately zero.  

On the other hand, the samples illuminated with Nd:YAG in the presence of AuNPs (rigth plot 

in Figure 7.8) showed a sharp decrease of the SC form, which disappears after 40 minutes, 

and a concomitant increase of the R form, which peaks at 40 minutes. After this period, the L 

form starts to increase up to 150 minutes, reaching ≈35 %.  

These results clearly suggest that the DNA damage is enhanced by AuNPs, with faster 

production of SSB up to 40 minutes and DSB afterwards, as the increasing number of SSB 

enhances the probability of formation of DSB in plasmid DNA.  

The differences observed in Figure 7.8 can be due to several factors namely the increase in 

the surface area of the AuNPs after their fragmentation during laser exposure, with 

consequent arise in the production of free electrons and secondary electrons released 

through illumination and water photolysis with the production and release of free radicals 

and radical species that will attack DNA nucleosides. It is also important to mention, that 

fragmentation and damage-induced in DNA strands is related with dissociative electron 

attachment (DEA), through the action of low-energy electrons in water medium [36], [37]. In 
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the next section (see 7.4.4. Erro! A origem da referência não foi encontrada.) the effect of 

two free radicals will be explored. 
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Figure 7.8 – Variation in percentage of different plasmid DNA conformations, R-relaxed, L-linear and SC-

supercoiled, irradiated with Nd:YAG laser in absence of AuNPs (left plot) and in presence of AuNPs (right plot), 

up to 150 minutes (standard error of the mean is 5 %). 

 

Figure 7.9 presents the variation of different plasmid DNA conformations for samples of 

plasmid DNA illuminated with Nd:YAG light up to 30 minutes in presence of AuNPs  without 

(left plot) and with 5 % EtOH, an OH• scavenger (right plot). The original AGE images from 

where the DNA conformation bands were calculated are presented in S.I. 7.3Erro! A origem 

da referência não foi encontrada.. It is known that EtOH acts as OH• scavenger, having a 

protective effect on the damage caused by the free radicals produced during the water 

radiolysis. For this experiment, the maximum laser exposition was 30 minutes since at this 

point it was already clear that the damaged caused in DNA is highly due to the presence of 

AuNPs. In both experiments, the plots were obtained through the separation of DNA forms 

with AGE technique, thus evaluating the induced DNA strand breaks. 
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Figure 7.9 – Variation in percentage of different plasmid DNA conformations, R-relaxed, L-linear and SC-

supercoiled, irradiated with Nd:YAG laser with AuNPs (left plot) and AuNPs with 5 % EtOH (right plot) up to 30 

minutes (standard error of the mean is 5 %). 

 

The results presented revealed a partial inhibition of the damage caused by the AuNPs when 

5 % of EtOH is present in the irradiated solution. In fact, the rates of decrease of the SC form 

and increase of the R form are showed. In addition, it also seems to inhibit the formation of 

the L conformation. 

The results presented for the different samples tested suggest that AuNPs play an important 

role in DNA damage when exposed to Nd:YAG light, leading to the formation of SSB and DSB. 

Moreover, they also suggest that water-derived radicals could be responsible for the 

extensive cleavage of DNA strands since when EtOH is present in the irradiated solutions the 

damage is reduced and less L from indicting double breaks is seen (Figure 7.9 right plot). 

Furthermore, we have demonstrated that AuNPs suffer a size reduction when irradiated 

(results presented in section 7.4.2). The resulting smaller nanoparticles, giving a larger 

available surface area, seem to enhance water radiolysis and, consequently, free radicals 

production which may attack the DNA molecules. These findings support the hypothesis of 

the size dependency of AuNPs on laser-induced DNA damage. 
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7.4.4. Free radicals 

Fluorescence spectroscopy was used to evaluate the free radicals produced during the 

irradiation and its possible dependence with the size distribution of AuNPs. Two probes were 

tested, 3-CCA and DHR-123. The first is usually used to detect the formation of OH• radicals 

in the solution, through the measurements of the fluorescence intensity of the oxidised 

product 7-OHCCA, and DHR-123 can be related with the production of H2O2 radicals, through 

the measurements of the fluorescence intensity of the oxidised product RHD-123. 

The concentration of free radicals produced for each probe during laser illumination, was 

calculated through the respective linear fit to the calibration curves prepared with 

concentrations over the range of 0 to 100 μM for 7-OHCCA (𝑦𝑦 = 492.04 𝑥𝑥 − 71.072; 𝑅𝑅2 =

0.9998) and in the range of 8.4 × 10−6 to 6.4 × 10−3μM for RHD-123 (𝑦𝑦 = 7.0 × 106𝑥𝑥 +

40.755; 𝑅𝑅2 = 0.9924). The experimental fluorescence intensity obtained was converted to 

a concentration of the respective fluorescent product through the respective linear 

regressions, followed by normalization, dividing the irradiated data by the non-irradiated data 

(control; all results used to construct the graphs are presented in S.I. Table 7.1).  

The results obtained are plotted against illumination time and size distribution, measured 

with DLS, and are shown in Figure 7.10. As previously reported, the dependency of AuNPs 

with illumination periods is very similar for both techniques analysed and thus we decided to 

present only the DLS results (see 7.4.2. AuNPs size distribution study).  
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Figure 7.10 – Quenching results for the fluorescent products a) 7-OHCCA with production of OH•; and b) RHD-

123 with production of H2O2, in presence and absence of AuNPs, irradiated up to 30 minutes (n = 12). On the 

right axis, the average diameter of AuNPs is presented. The error bars presented correspond to 5 % of the 

standard error of the mean. 

 

 By analysing the formation of OH• in the samples studied (see Figure 7.10a), one can say that 

the presence of AuNPs slightly increases the production of this free radical up to 10 minutes. 

A major difference is observed when AuNPs are exposed to laser light for 30 minutes. These 

observations suggest that AuNPs moderately influence the production of OH• radical species, 

since the abrupt reduction on NPs diameter, observed after 1 minute of illumination, is 

related with the increase in the formation of this free radical. The analysis of the Pearson 

correlation coefficient (see Table 7.1) calculated for this samples (DLS, R=-0.34) supports 

these findings and one possible explanation could be the increase in the total surface area of 

the smaller AuNPs in solution, enhancing the water photolysis by Nd:YAG laser. 

 The irradiation of DHR-123 with AuNPs enhances the formation of rhodamine 123 (RHD-123), 

the fluorescent product of DHR-123 oxidation due to photon illumination (see Figure 7.10b). 

At an irradiation time of 5 minutes, a maximum of RHD-123 concentration is observed which 
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suggest that the small size of the AuNPs increases the production of this compound and, 

consequently, the formation of H2O2 species. After this period, the data suggest that a 

saturation point of the probe used was reached or that probe degradation occurred with 

higher times of exposition, driven by AuNPs, since the formation of free radicals is 

accompanied by a decrease on the values recorded for the normalized concentration of RHD-

123. Moreover, Figure 7.10 a) and b) suggest that the formation of the free radical OH• is 

significantly lower when compared to the formation of H2O2 reactive species, in the presence 

of AuNPs. Even the drastic decrease in RHD-123 concentration observed in Figure 7.10b) at 

30 minutes, assumes a higher value (7.87 ± 0.39 μM) compared with 7-OHCCA concentration 

(1.37 ± 0.07 μM, see Figure 7.10a), in the same conditions. This observation suggests that 

when water molecules interact with the laser light, they tend to form more H2O2 species 

rather than OH•, or that two OH• molecules combine very rapidly and originate H2O2 [38]. 

 According to several authors [16], [38]–[40], H atom (H•), OH•, hydrated electron (e-aq), H2, 

superoxide radical (O2•-) and hydrogen peroxide (H2O2) are the primary molecular and radical 

species produced during water radiolysis while it is commonly accepted that OH• is the more 

abundant species. However, in our experiments, the yield of H2O2 is larger in the illuminated 

AuNPs solutions.  One possible explanation for this observation is AuNPs scavenge the free 

electrons formed during laser exposition, thus decreasing the reaction of oxidation of the 

probe DHR-123 to the fluorescence product RHD-123. On the other hand, our previous work 

[32] pointed out that the interaction of 532 nm Nd:YAG laser with AuNPs would most 

probably lead to electron or thermally induced processes. This hypothesis could explain the 

predomination observed in the formation of the fluorescence product RDH-123 since the 

reaction that originates this molecule is driven by electrons. As stated above, several authors 

already demonstrated that DEA processes and the consequent production of secondary free 

electrons and radical species will induce damage to DNA strands [36], [37], [41]–[44] . 

 Figure 7.11 shows the results obtained (see S.I. Table 7.1) with the probe 3-CCA with addition 

of EtOH, that acts as OH• radical scavenger, in absence and presence of AuNPs. This 

experiment aims to evaluate if the fluorescence intensity, and consequently the 

concentration of 7-OHCCA, varies when these hydroxyl radicals are quenched by EtOH, thus 

resulting in a lower probe concentration at the end of each period of laser exposition. OH• 
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concentration was obtained as described previously. To facilitate reader's appreciation, the 

data presented in Figure 7.10a) is plotted once more in Figure 7.11. 
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Figure 7.11 – Evaluation of EtOH scavenger effect in OH• radicals, in presence of AuNPs, irradiated up to 30 

minutes (n = 4). On the right axis, the average diameter of AuNPs is presented. The error bars presented 

correspond to 5 % of the standard error of the mean. 

 

 As stated previously, the presence of AuNPs increases the concentration of 7-OHCCA, 

suggesting that AuNPs enhance the production of OH• radicals in irradiated aqueous 

solutions.  On the other hand, a comparison with samples prepared in similar conditions but 

where EtOH was added (Figure 7.11), reveals the scavenger effect of the EtOH. Moreover, the 

concentrations experimentally measured for the laser illuminations of solutions with EtOH 

follow a decreasing tendency with the increase of the exposure time. It is important to point 

that the values obtained for AuNPs with and without EtOH suggest that these two 

independent measurements are inversely proportional with a strong correlation, validated by 

the calculated Pearson correlation coefficient of -0.99 (see Table 7.1). These findings are 

expected, since the purpose of this study to delay or hinder the oxidation of 3-CCA onto the 

fluorescent product 7-OHCCA, was accomplished. Consequently, we have confirmed the 

scavenger capacity of EtOH and also the enhancement of the formation of OH• species upon 

laser illumination, in presence of AuNPs. Furthermore, the study of EtOH ability to scavenger 

hydroxyl radicals shows that the damage of plasmid DNA, observed in section 7.4.3., could be 
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possibly attributed to the action of other radical species or driven by electrons formed upon 

laser illumination. 

Regarding the size distribution of the AuNPs and OH• scavenging by EtOH, the results obtained 

suggest that the scavenger capacity is independent of the presence and diameter of the 

AuNPs, and the results are supported by the weak correlation between size distribution 

methods and 7-OHCCA concentration measured (TEM, R=0.45; DLS, R=0.38).  

Similar analysis for H2O2 species should be conducted in the future by adding an electron 

scavenger to the irradiated samples and evaluate the damage-driven by laser exposure. For 

instance, 5-Bromouracil that was described earlier (Chapter 5) has been used  as electron 

scavenger  by several groups [45]–[48].  

The matrix of Pearson correlation coefficient was calculated with OriginLab© and it is 

presented in Table 7.1. 

Table 7.1 – Pearson correlation coefficients between size distribution methods and free radical assays in 

presence of AuNPs. 

  7-OHCCA with EtOH RHD-123 AuNPs Size 
  AuNPs AuNPs TEM DLS 

7-OHCCA AuNPs -0.99 a -0.85 b -0.41 d -0.34 d 
7-OHCCA with EtOH AuNPs - 0.84 b 0.45 d 0.38 d 

RHD-123 AuNPs  - -0.09 -0.15 d 
AuNPs Size  TEM   - 1.00a 

The correlation of the data was analysed according the Pearson correlation factors presented 

by C. Santos (2007) [49], and the results are flagged with letters a, b, c and d,  where a 

corresponds to a perfect correlation (|R|=1) ; b to a strong correlation (0.8≤|R|<1); c to a 

moderate correlation (0.5≤|R|<0.8); and d to a weak correlation (0.1≤|R|<0.5). The results 

presented in Table 7.1 confirmed that both techniques for the measurements of AuNPs size 

distribution with the increasing of laser exposition are perfectly correlated (R=1), as expected. 

In the analysis of the production of OH• (related with formation of 7-OHCCA), the Pearson 

correlation coefficient suggest that when AuNPs assume smaller diameters the yield of this 

radical slightly increases, and a weak negative correlation is observed (TEM, R=-0.41; DLS, R=-

0.34), especially for TEM measures. However, the yield of OH• when EtOH is present in 

solution, shows a decrease tendency in function of laser exposition time, suggesting that the 

production of this radical derives mostly from reactions between water molecules and AuNPs. 
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This assumption is supported by the values of Pearson correlation coefficients obtained with 

TEM and DLS, as discussed above (see Figure 7.11). When the results for the production of 

the fluorescent product 7-OHCCA of illuminated AuNPs with EtOH are compared with the 

plasmid DNA damage (see Figure 7.9), one can see that DNA damage is still occurring and SSBs 

and DSBs are being formed. This observation suggests that the DNA-strands are being 

attacked by other species rather than OH•. Additionally, in Figure 7.10 we have showed that 

the production of the H2O2 assumes largely higher values compared with OH•, particularly for 

1 and 5 minutes of laser illumination. Therefore, the results presented in this work support 

the relevance of DNA damage-driven through H2O2 in the presence of AuNPs. These findings 

suggest that the formation of H2O2 occurs regardless the diameter of the AuNPs in the 

illuminated solutions. The content of smaller AuNPs dispersed in the solution increase the 

surface area and, consequently, increases the number of active sites for O2 reduction. These 

findings suggest that smaller Au particles have larger number of reduction sites for O2 and 

efficiently produce H2O2. Moreover, the values obtained for the Pearson correlation 

coefficient revealed a weak or inexistent negative correlation with both size distribution 

techniques (DLS, R=-0.15; TEM, R=-0.09).  

On the other hand, the strong and negative correlation (R=-0.85) measured between 3-CCA 

and DHR-123 assays, and the strong positive correlation (R=0.84) between 3-CCA with EtOH 

and DHR-123 assays, reinforce the hypothesis that the higher yield of radical species formed 

upon laser exposition by AuNPs is H2O2. 

The effect of adding EtOH as an OH• scavenger shows that even when the diameter of the 

AuNPs is smaller, the quenching of the free radical is greater than its production and is 

highlighted by the strong negative correlation (R=-0.99) of 3-CCA assay with and without 

EtOH. This observation also suggests that independent of the size of the AuNPs and the 

increase in the irradiation time, EtOH can quench the hydroxyl radicals formed. 

Analysing the damage-driven by free radicals, the results point out that higher rate of DNA 

attack is due to electron transfer reactions rather than hydrogen atom abstraction in the 

absence of AuNPs, a conclusion supported by the higher yield of RHD-123 observed and, 

consequent low yield for 7-OHCCA in the same conditions. Moreover, the Pearson correlation 

coefficient obtained for experiments of 7-OHCCA with AuNPs versus AuNPs and EtOH confirm 
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this pathway (R=-0.99) but further experiments, particularly with a H2O2 scavenger, should be 

conducted to verify these findings.  

 

 Conclusions 

The main conclusions of this work are that the size of the AuNPs directly affect the efficiency 

of the damaged caused in the plasmid DNA and the water photolysis generates free radicals 

that will also contribute for this damage. The minor differences observed in UV-Vis spectra, 

i.e. in the π-π* resonance of DNA molecules, when DNA was illuminated in presence and 

absence of AuNPs, could be due to the individual spectral contributions of the DNA 

constituents bases. Namely, plasmid DNA is a mixture of nucleobases and the interaction of 

532 nm Nd:YAG laser and AuNPs SPR with the DNA, might individualize the bases but all of 

them will still contribute to the characteristic absorption band of DNA. Therefore, minimal 

changes can be detected with this technique. Additionally, we have confirmed 

experimentally, with DLS and TEM measurements, that AuNPs size reduces drastically upon 

Nd:YAG laser exposition. Results presented in the evaluation of the damage induced, with 

AGE experiments, strongly suggest that the presence and fragmentation of AuNPs, upon laser 

exposition, drastically enhance the formation of SSBs and DSBs in DNA strands. This outcome 

reinforces the applicability of AuNPs in skin cancer photon therapy. Additionally, smaller 

AuNPs will be able to fit into the DNA major and minor grooves, so that could be important in 

helping to localise the damage to the DNA. 

Moreover, the addition of ethanol, an OH• scavenger, to the plasmid DNA samples in the 

presence of AuNPs delays the damage-driven, suggesting that the free radical is mainly 

interacting with EtOH and not with DNA. The laser light at 532 nm leads to the massive 

reduction of the diameter of the AuNPs after one minute of exposure (from 40 nm to ≈ 3 nm 

diameter) when evaluated through two techniques, DLS and TEM. The small diameter of 

AuNPs enhance the formation of hydroxyl radical.   

Former studies [38] showed that it is possible to achieve water ionization with photon energy 

of approximately 7 eV and with high-intensity lasers with energy greater than 1011 W.m-2. 
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In our experiments, we have experimentally measured the intensity of the Nd:YAG laser as 

5.0 x 1014 W.m-2 and this value is in accordance with described by von Sonntag (2006). 

Therefore, we propose that the Nd:YAG pulsed laser combined with AuNPs enhances the 

damage-driven to plasmid DNA molecules in aqueous solutions, through two main processes: 

1) water photoionization leading to free radical-induced products such as DNA SSBs and DNA 

DSBs; and, on the other hand, 2) the enhancement of damage induced by AuNPs SPR, also 

driving to DNA injury. 

Further experiments should be conducted to better understand the effect of the size 

distribution of AuNPs on DNA-radiosensitization and to assess the response of different types 

of DNA, and to exploit the influence of other damage-inducing mechanisms that are not 

evaluated in this work. 
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 Supporting Information 

The background correction for the final graphs presented in Figure 7.2, was achieved through 

subtraction of the control spectrum (S.I. 7.1 column b) of the raw spectrum (S.I. 7.1 column 

a). The corrected spectrum is presented in column c) of S.I. 7.1. 

 a) Raw b) Control c) Corrected 

I 

 

 

II 

 

 

III 

 

 

IV 
 

S.I. 7.1 – Spectroscopic measurements of plasmid aqueous solution. Lines numbers I and II correspond to non-

irradiated samples, III and IV to the irradiated ones. Plasmid DNA solutions without AuNPs are in line I and III 

and the results for experiments in presence of AuNPs are presented in lines II and IV. For all DNA solutions, non-

irradiated and irradiated, the spectra were recorded up to 30 minutes. 
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Figure 7.8 was constructed after the analyses of the DNA bands presented in S.I. 7.2.  

0 1 5 10 20 30 40 50 60 90 120 150 

 

 
S.I. 7.2 – AGE of plasmid DNA a) in absence and b) presence of AuNPs of AuNPs irradiated with Nd:YAG laser up 

to 150 minutes. The samples in the lanes are: 0, 1, 5, 10, 20, 30, 40, 50, 60, 90, 120 and 150 minutes. 

 

Figure 7.9 was constructed after the analyses of the DNA bands presented in S.I. 7.3. 

 a) AuNPs_YAG  b) AuNPs_YAG_EtOH 
ladder 0 1 5 10 30  0 1 5 10 30 

 

S.I. 7.3 – AGE for samples a) plasmid in presence of AuNPs and b) plasmid in presence of AuNPs and 5 % of 

ethanol, exposed to Nd:YAG laser up to 30 minutes. The first lane corresponds to the molecular weight (ladder) 

used in this experiment. The samples in the lanes are: 0, 1, 5, 10, 20 and 30 minutes. 
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Figure 7.10 was constructed according the data presented in S.I. Table 7.1. 

 

S.I. Table 7.1 – Quenching results for the fluorescent products 7-OHCCA and RHD-123 presented in Figure 7.10. 

The values presented correspond to average ± 5% of the standard error of the average (n = 12). 

Irradiation time 
(minutes) 

7-OHCCA normalized concentration 
(μM) 

RHD-123 normalized concentra-
tion (μM) 

AuNPs AuNPs_EtOH AuNPs 
0 1.00 ± 0.05 1.00 ± 0.05 1.00 ± 0.05 
1 1.07 ± 0.05 0.83 ± 0.04 13.09 ± 0.65 
5 1.19 ± 0.06 0.86 ± 0.04 22.99 ± 1.15 

10 1.37 ± 0.07 0.67 ± 0.03 7.87 ± 0.39 
30 2.61 ± 0.13 0.00 ± -0.01 0.00 ± -1.20 
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Final conclusions 

8. Final conclusions 

This section intends to explore, summarize and link the main conclusions of this doctoral 

thesis. 

The main purpose of this work was to investigate the damage driven by UV and visible 

radiation in relevant biological molecules and to understand how to enhance such radiation 

damage, namely by adding AuNPs to illuminated DNA samples. To address this goal, the 

experimental work was divided in two major parts: 1) the study of the degradation of DNA 

molecules after exposure to UVC radiation, to design a biological dosimeter that effectively 

demonstrates and measures the radiation induced damage; and 2) the investigation of the 

effects of visible light laser radiation (Nd:YAG ) on halogenated nucleobases and plasmid DNA 

conjugated with AuNPs. Hence, the work presented in this thesis is focused on the study of 

molecular effects of visible radiation on DNA and other molecules of biological interest, 

namely Uracil, 5-Bromouracil (5BrU) and 5-Fluorouracil (5FU), in presence of AuNPs, to better 

understand the opportunities for developing photothermal therapy. Concerning this goal, in 

a first approach, DNA UV radiation damage has been assessed for its potential use as a UV 

biological dosimeter (Chapter 4). The second study explored the exposure of a well-known 

radiosensitizer, 5-bromouracil (5BrU) with and without AuNPs by Nd:YAG ns-pulsed laser, 

studying the laser-driven decomposition kinetics of this DNA nucleobase analogue (Chapter 

5). The decomposition of halogenated nucleobases was studied (Chapter 6) to understand the 

Nd:YAG driven-damage in the DNA and RNA constituents, with the expectation that the 

increasing knowledge of processes involving simple biomolecules will lead to a better 

understanding of the behaviour of more complex molecules, such as plasmid DNA (double-

stranded molecule). In the final results chapter, damage induced by 532nm radiation from 

the Nd:YAG laser on plasmid DNA in both the presence and absence of AuNPs  was studied 

and demonstrated the ability of AuNPs to act as radiosensitisers inducing strand breaks and 

thus may be useful as an agent phototherapy.   
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A set of the most important conclusions and its interconnections is summarized in the 

following paragraphs. 

Regarding the clarification of the molecular effect of 254 nm wavelength light (UVC), on DNA 

molecule and to prove the consequent hypothesis that DNA could be used as a biological 

dosimeter for UV radiation at 254 nm (UVC), experimental results reported in Chapter 4 

obtained with DNA solutions clearly demonstrated that these assumptions were correct. The 

spectroscopic absorbance measurements performed revealed significant changes in the 

characteristic absorption band of DNA (260 nm). Furthermore, the changes in the absorption 

spectra could be related to the biological damage, with the increasing exposition to UV light 

leading to an exponential decrease in the optical absorbance at 260 nm. Additionally, a 

dependency was found between the pH of the DNA solution and the damage kinetics. The 

DNA dosimeter was thus tested successfully in the UVC region but further research should be 

conducted to investigate the applicability of the system in UVA and UVB regions. Since DNA 

films presented a different behaviour, we can conclude that the presence of water has a major 

impact on radiation damage to DNA, as expected and this was confirmed by the results 

presented in Chapter 7.  

From Chapter 4, we have learned that DNA molecules are modified by UVC light action, 

namely in aqueous solutions. Since 5BrU is a well-known radiosensitizer used in photothermal 

therapy, in Chapter 5 the interaction of laser light with aqueous solutions of this nucleobase 

analogue was exploited. We found that the decomposition rates for the fragmentation of the 

BrU ring structure depended on the fluence and the repetition rate of the laser as well as on 

the starting concentration of 5BrU. Higher laser fluences lead to the decomposition of AuNPs, 

increasing their surface area and promoting higher local temperatures. This process has the 

disadvantage of reducing the response of the AuNPs SPR, which decreases as the particle’s 

diameter decrease. Hence, these opposite effects compromise the decomposition rates. 

Experimental measurements conducted within this work pointed out that the fragmentation 

of 5BrU occurs is most likely due to electron and/or thermal processes. 

However, one question remained unclear from the work described in Chapters 4 and 5. Is the 

damage observed identically distributed amongst the pyrimidines and purines groups, or is it 

more prevalent in one of the two groups? To clarify this question, we evaluated the damage, 
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in similar conditions, in the available pyrimidines (Uracil) and pyrimidines analogues (5BrU 

and 5FU) in our laboratory and the results obtained were discussed in Chapter 6. This work 

has shown a drastically decomposition of these molecules, with more relevance in Uracil. 

Although pyrimidines and purines strongly absorb in UV region, the induced-damage is higher 

in pyrimidines exposed to UV light. Our work demonstrates that similar effect is observed 

when halogenated nucleobases are exposed to pulsed laser light and AuNPs.  

As the results presented in Chapter 5 allowed us to understand that the decomposition of 

5BrU is related to laser fluencies. Hence, in Chapter 6 the dependency of laser fluence was 

assessed with three halogenated nucleobases, U, 5BrU and 5FU, to study if the fragmentation 

process of the individual analogue nucleobases, also known as radiosensitisers, was related 

to the formation/decomposition of U. The setup and methodology of the experiments were 

very similar to mimic the previous measurements. Whereas the resultant fragments of 5BrU 

and 5FU will overlap with U in the UV spectrum, we have carried out experiments to infer the 

modifications of halogenated nucleobases from the spectra of U. The fit of experimental data 

allowed quantification of the individual NBs concentration in the mixed solution after 

irradiation. With this methodology, we determined that 5FU presents a higher decomposition 

rate compared with 5BrU, and fragmentation mainly occurs due to dehalogenation along with 

damage to the aromatic ring of the base, a confirmation of the results presented in Chapter 

5, where the fragmentation of 5BrU rings was proposed. Moreover, the slower decomposition 

kinetics of 5BrU suggest that recombination of the detached fragments U and Br can occur 

with the increasing illumination.  

Although in Chapter 6 similar trends of decomposition were observed in spectrophotometric 

measurements, in Chapter 7 the irradiation of plasmid DNA did not show the same tendency 

in UV-Vis spectra, and π-π* resonance revealed minimal differences in irradiated samples 

with and without AuNPs. This could be due to the fact that plasmid DNA is a mixture of 

nucleobases and the interaction of 532 nm Nd:YAG laser and AuNPs SPR with the DNA, could 

individualize the bases but all of them will still contribute to the characteristic absorption 

band of DNA. Therefore, minimal changes can be detected with this technique. Moreover, 

the hypothesis of the reduction of AuNPs size upon Nd:YAG laser exposition was confirmed 

in the DLS and TEM measurements. 
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In Chapter 6 we clearly show that photon-induced damage is triggered by the presence of 

AuNPs, responding affirmatively to the question “Can AuNPs increase the radiation 

damage?”. This conclusion and the massive degradation in the analogue NBs observed with 

our setup, supported the hypothesis that DNA molecules would also suffer modifications. We 

then tested the system with plasmid DNA (Chapter 7), a more complex and challenging 

molecule, with the objective of being a better analogue of higher biological systems, namely 

skin cancer cells. 

Moreover, the decrease of AuNPs size distribution was confirmed, proposed in Chapter 5, 

with ongoing pulse laser (Chapter 7). We conclude that smaller AuNPs present higher rates of 

plasmid degradation due to 1) an increase of the surface area illuminated; 2) the increase of 

the temperature in the vicinity of DNA molecules, and 3) eventual explosion of the AuNPs 

(Coulomb effect) as the result of laser exposition. Furthermore, the illumination of AuNPs 

with plasmid DNA in aqueous solutions induced SSBs and DSBs in DNA double-strands. In the 

absence of AuNPs the damage kinetics was slower and less pronounced, confirming the 

radiosensitizer effect earlier attributed to AuNPs. This work also allowed to verify the 

production of radical species through water photolysis, namely hydroxyl radical and hydrogen 

peroxide. It was found that the generation of H2O2 seems to be a preferential route and it is 

enhanced when AuNPs assume smaller diameters. 

During these years of experimental work, we also conducted exploratory experiments with 

plasmid DNA that are not presented in this thesis. Specifically, trials were carried out with 

pre-illuminated AuNPs for five minutes and, after this period, plasmid DNA was added to the 

solution. 532 nm laser illuminations were performed in the same conditions used previously. 

With this experiment, we intended to evaluate if the illumination of DNA with smaller 

diameter AuNPs lead to higher damage, since we have observed a higher production of 

damage with smaller diameter AuNPs. Surprisingly, after 5 minutes of irradiation the average 

size of AuNPs (DLS - 38 ± 8) did not differ from the control solution (DLS control - 37 ± 8). 

Possible explanations are that the presence of DNA hinders the coalescence of the 

nanoparticles or the cumulative photon exposition (i.e. 1 minute plus 4 minutes) has a greater 

effect on the rise of bulk temperature that leads to AuNPs explosion when compared to a 

single exposition of 5 minutes. In addition, this study did not show significant differences in 
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the formation of SSBs and DSBs as evaluated by AGE, and the concentration of free radical 

produced upon laser exposition was not considerably different from the results reported in 

this thesis. This fact points out that the damage production is more effective in the conditions 

tested when the exposure to Nd:YAG begins with larger AuNPs.  

Regarding the well-known chain reaction of free radicals mechanisms, we have also 

conducted experiments to quantify the amount of the damage caused. For this, the samples 

exposed to laser light in the several conditions investigated were kept in the dark at RT for 24 

h. After this time lapse, the damage was reassessed with AGE and fluorescence probes, and 

DLS measurements were also carried out. DLS showed that after 5 minutes of laser exposition, 

NPs were three times larger and this observation can be attributed to the coalescence of 

AuNPs after 24h.  Furthermore, the yield of 7-OHCCA measured after 24h was slightly higher 

in irradiated solutions with AuNPs and with pre-irradiated AuNPs, when compared to 

measurements carried out immediately after laser exposition, suggesting that the generation 

of OH• continues to occur, the chain reaction did not reach an ending point, even after 

irradiation ends. Additionally, AGE assays allowed us to verify the enhancement of the 

damage associated to the free radicals chain reactions since the extent of the relaxed and 

linear conformal DNA forms increased drastically in presence of AuNPs, with the consequent 

disappearance of the initial supercoiled form. 

In summary, with this doctoral thesis, we had the opportunity to confirm the potential for a 

new, combined chemo-phototherapy based on visible light radiation and AuNPs, proving the 

outstanding potential of AuNPs as sensitizers. The novel findings in the interaction of 532 nm 

ns pulse laser with AuNPs and plasmid DNA, increase the confidence of the efficacy of such 

treatments in skin cancer treatments although further in vitro studies with cells lines, followed 

by in vivo studies, need to be performed to verify the usability of our conjugated system in 

medical therapies. We expect that the benefits exceed the possible damage caused in the 

vicinity of the illuminated area, namely if the AuNPs can be placed and confined within the 

tumour region. 
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8.5. Future work 

Regarding the development of a biological dosimeter, future work should be focused on 

evaluating the sensitivity of a potential sensor for different incident wavelengths, namely 

from medical lamps with emission in the UVB (280 to 315 nm) and UVA (315 to 400 nm) 

regions.  Both regions are known to cause sunburns and only 5% of UVA radiation is absorbed 

through the atmosphere. In recent years, several studies on the damage caused by UVA rays 

strongly suggest that it enhances the development of skin cancer. It is worth noting that UV 

exposure is cumulative. 

Complementary experimental analysis and techniques are also important to refine and probe 

the data gathered so far. I consider it essential to explore in detail the following: 

• The definitive and direct measurement of the size dependence and morphology 

alterations both of plasmid DNA and of the AuNPs, as a function of irradiation time. 

For this purpose, additional TEM measurements should be conducted, including 

analysing samples with larger irradiation periods. 

• Atomic force microscopy-based infrared spectroscopy (AFM-IR) provides chemical 

analysis and compositional mapping with spatial resolution, far below conventional 

optical diffraction limits. This technique operates through the tip of an AFM probe, to 

locally detect thermal expansion in a sample resulting from absorption of IR radiation, 

providing spatial resolution of AFM combined with the chemical analysis and 

compositional imaging capabilities of IR spectroscopy. Hence, it would be very useful 

to evaluate DNA damage with AFM-IR, to visualise the damage induced in DNA 

molecules and to characterise and quantify the in situ damage driven by Nd:YAG and 

its relation with the presence of AuNPs. The evaluation of the damage extension, 

showing the SSBs and DBSs formed during the light exposition, would increase the 

knowledge and understanding of the AuNPs action mechanism.  

• Additional IR measurements, using samples with higher DNA concentrations, to signal 

the sites where the damage is being caused in biological molecules.  

• Perform the DHR-123 assay in presence of an electron scavenger to evaluate the 

production rate of H2O2. 
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Furthermore, in vitro assays with melanomas are crucial to investigate the response of skin 

cancer cell lines to the Nd:YAG laser in the presence of AuNPs. We already know the damage 

induced in plasmid DNA, thus it would be thrilling and challenging to upscale the system. 

Following this line of research, it would also be interesting and enriching to carry out in vivo 

assays in animal models, following the consolidation of the in vitro assays, to verify the 

efficacy of photothermal treatment and its applicability in clinical trials, eventually providing 

this treatment for the entire medical community in the fight against skin cancer and other 

types of skin lesions. 
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nucleobasis; 
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Lisbon. Poster presentation; T. Marques, M. Raposo and N. J. Mason, Effect of UV 

radiation on DNA multilayer films. 
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the aid of computer simulations and other spectroscopical measurements; 
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