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Resumo

NUNES, L. H. S. Detectores de raios-X baseados na sintese radiolitica de
nanoparticulas metdalicas. 2022. 103p. Dissertacao de Mestrado (Programa de Pos-

Graduagao em Fisica Aplicada a Medicina e Biologia) - Faculdade de Filosofia, Ciéncias e
Letras, Universidade de Sao Paulo, Ribeirdao Preto - SP, 2022.

Feixes de raios-X sao largamente aplicados em diagnoéstico e tratamento, uma
vez que suas propriedades relacionadas a interacao com tecidos no corpo sao desejaveis
para imagens e radioterapia. Nos dois casos, a medida da dose é de grande importancia
para chegar a melhor eficiéncia na aplicacao, evitando efeitos indesejaveis decorrentes
da exposicao a altas doses. Varios dosimetros tém sido desenvolvidos para atender a
esse requisito. Nesse contexto, dosimetros baseados em nanoparticulas sao uma boa
alternativa para a medida de dose, uma vez que apresentam vantagens como equivaléncia
a tecidos bioldgicos e instrumentacao simples. A ideia basica de um dosimetro baseado em
nanoparticulas é sintetiza-las através da irradiacao, para possibilitar a correlacao entre a

dose e a intensidade da banda de absorcao das nanoparticulas, gerada pelo fenémeno de

LSPR.

Nessa dissertagao, alguns dosimetros baseados na sintese radiolitica de nanopar-
ticulas de prata e ouro foram desenvolvidos, para possibilitar a medida de baixas doses
envolvidas em radioterapia e imagens de raios-X. A sintese foi realizada por differentes
métodos combinando uma reagao quimica com a irradia¢ao, para formar as nanoparticu-
las e correlacionar sua concentragao com a dose absorvida. As nanoparticulas de prata
produziram um dosimetro multimodal baseado na sintese microfluidica de AgNP, o que
permitiu a deteccao da dose por meio de spectroscopia UV-visivel e de fluorescéncia, com
sensibilidades de 9.2 1072 ¢ 3.4 a.u./Gy para doses de até 0.75 Gy, constituindo resultados
excepcionais comparados a literatura. Além disso, essa técnica permitiu estudos sobre a
formacao das nanoparticulas, incluindo o controle dos processos de nucleagao e crescimento.
O dosimetro baseado em nanoparticulas de ouro (AuNP) foi efetivo para detecgao de
doses até 10 Gy. O estudo da influéncia dos pardametros quimicos e radioliticos da sintese
confirmou a geracao de sementes por templating, com o subsequente crescimento sendo
relacionado a irradiagao, produzindo assim um dosimetro com sensitividade 0.07 a.u./Gy.
A anélise do sinal de UV-vis para diferentes energias mostro uque, para doses mais altas, a
nucleacao e formagao de novas nanoparticulas é favorecida em relagao ao crescimento das
jé existentes. Além disso, a distribuicao de tamanho se mostrou uma forma alternativa de

medir a dose, mesmo que sua influéncia seja restrita a feixes de altas energias.

Palavras-chave: dosimetria. nanoparticulas. plasmons.



Abstract

NUNES, L. H. S. X-Ray Detectors Based on the Radiolytic Synthesis of
Metal Nanoparticles. 2022. 103p. Thesis (Master Degree - Postgraduate program in
Physics Applied to Medicine and Biology) - Faculty of Philosophy, Science and Letters,
University of Sado Paulo, Ribeirao Preto - SP, 2022.

X-ray beams are widely applied to diagnosis and treatment, since their properties
related to the interaction with the tissues in the body are desirable to imaging and
radiation therapy. For both applications, the dose assessment is of great importance,
in order to achieve the best efficiency in the imaging/therapy avoiding the undesirable
effects of the exposition to high doses. A lot of dosimeters have been developed to
attend this requirement. In this context, the nanoparticle-based dosimeters are a good
alternative to dose assessment, since they present advantages as tissue equivalence and
simple instrumentation requirements. The main idea of a nanoparticle-based dosimeter is
to synthesize the nanoparticle upon the irradiation, in order to correlate the dose with the

absorbance band intensity of the nanoparticles, due to the LSPR phenomena.

In this thesis, some dosimeters based on the radiolytic synthesis of silver and gold
nanoparticles were developed, in order to measure the low doses involved in the radiation
imaging and therapy with x-rays. The synthesis was carried out by different methods
combining a chemical reduction with an irradiation procedure in order to successfully
form the nanoparticles and correlate their concentration to the absorbed dose. The silver
nanoparticles generated a multimodal dosimeter based on microfluidic synthesis of AgNP,
that allows the detection of the dose by UV-vis and fluorescence spectroscopies, with
sensitivities of 9.2 1073 and 3.4 a.u./Gy for doses up to 0.75 Gy, which are remarkable
results compared to the literature. Besides that, this technique provides some insights
about the nanoparticles formation, including the control of the nucleation and growth
processes. The dosimeter based on gold nanoparticles (AuNP) was found to be effective
to assess doses up to 10 Gy. The study of the chemical and radiolytic parameters of the
synthesis confirmed the generation of seeds by templating, with a further growth related to
the irradiation, leading to a dosimeter with sensitivity of 0.07 a.u./Gy. The analysis of the
UV-vis signal for different energies spotlighted that, at higher doses, the nucleation and
formation of more nanoparticles is favored over the growth. Moreover, the size distribution
was found to be an alternative way to analyze the dose, but its influence is limited to

higher energies, in the order of 160 kVp beam quality.

Keywords: dosimetry. nanoparticles. plasmons.
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Introduction

Since the diagnostic and treatment employing ionizing radiation were developed,
x-rays tubes operating with voltages in the range of tens of kilovolts (kV), sometimes
refereed as orthovoltage tubes, have been used for imaging and therapy purposes (4).
Nowadays, kV x-rays tubes in the range of 50 to 300 kVp are widely applied on superficial
and intraoperative radiation therapy (5). Moreover, recent techniques are being developed
on deeper treatments, including the use of enhancement agents and more sophisticated

sources (6).

The main goal in all radiological treatments is to achieve the greatest efficacy with
the lowest damage, which is possible by controlling the dose absorbed by the tissue (7). In
all the applications, and especially in the therapeutic ones, the control of the dose given to
the patient is, therefore, of vital importance. To overcome this necessity, several devices
can be used to monitor and control the dose on a patient, the so-called dosimeters (8).
All of the dosimeters are based on the same idea: a measurable change in a physical or
chemical property of a given material caused by its interaction with the ionizing radiation
(9, 10).

In this context, many dosimeters have been developed in the last decades. The
ion chambers became the most common approach and they turned to the main method,
used as a reference not only for the characterization of x-rays and gamma-rays sources
but also for the calibration of other dosimeters. However, as they need a high voltage
power supply to work, they are avoided for in vivo applications, which includes the therapy
procedures (11, 12). The dosimeters based on field effect transistors present this limitation
as well. Solid state detectors can also be used for in vivo applications but requires constant
calibrations. Thus, many researches focus on developing new dosimeters with the required
properties to be employed in the several therapeutic and/or diagnostic techniques . These

devices must be simple and employable to the doses commonly used in radiation therapy.
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1.1 Nanoparticles

The nanoparticles consists of structures with dimensions in the range from 1 to 100
nm, that present unique properties differing both from atomic/molecular entities and the
bulk materials. These properties allow the nanoparticles to be applied in a lot of fields,
such as the food industry, electronics, and biomedicine. One of the wider applications
of nanoparticles in medicine is for sensing devices. The changes of a given nanoparticle
property upon a chemical or physical stimulus is the basis for the sensing applications. For
a nanoparticle-based dosimeter, one possible approach is to synthesize the nanoparticles
upon irradiation with ionizing radiation. The metal nanoparticles (MNPs), based on
transition metals, like Au, Ag, Cu or Pt can be formed in this process. As the nanoparticles
are synthesized, their concentration increases and the extinction coefficient, associated
with the localized surface plasmon resonance (LSPR), raises. Therefore, the detection of

an absorbance band is an indication of the dose absorbed by the dispersion.

1.2 Overview of the thesis

The aim of the work was to develop dosimeters based on the optical properties of
metal nanoparticles. Synthesis of silver and gold nanoparticles were developed combining
chemical and radiolytic steps. The absorbance and the fluorescence emission were studied
and correlated with the absorbed dose. Also, the particle size was analyzed via dynamic

light scattering and transmission electron microscopy.

The results for silver nanoparticles (AgNP) are presented and analyzed in Chapter
4. Tt covers the development of synthetic routes to obtain the AgNP and the subsequent
optimization of the results to find the best parameters dosimetric applications. The
applicability of a multimodal dosimetry based on these nanoparticles was presented
and discussed. The gold nanoparticles (AuNP) were studied based on a well-controlled
radiolytic synthesis, as presented in the Chapter 5. The gold nanoparticles were studied

in order to infer about the absorbed dose in terms of absorbance and particle size.



Theoretical aspects

This chapter will discuss the synthesis and properties of metal nanoparticles. A
general overview about nanoparticles will be shown and the main synthesis routes for
our applications will be presented and detailed. After that, the properties of noble metal
nanoparticles will be presented. Finally, the chapter will discuss about how these properties
could be applied for dosimetric purposes by correlating the absorbed dose with the signal
produced on UV-vis Absorbance Spectroscopy (ABS), Dynamic Light Scattering (DLS)
and Fluorescence Spectroscopy (FLS).

2.1 Nanoparticles synthesis

There are many routes to produce nanostructures, including chemical reduction
(13), sol-gel process (14), nanolitography (15, 16) and vapour deposition (17). These
techniques are commonly divided in two groups, depicted in Figure 1, according to the
size of primary and intermediate materials. The first group is called top-down. The
top-down techniques consist in routes in which microcrystalline materials are fragmented
to yield a nanocrystalline material. These approaches are easily scaled-up but the size
distribution produced in a top-down route usually lacks uniformity, as the synthesis cannot
be controlled to produce narrow size distributions (18). On the other hand, the bottom-up
methods are techniques in which the atoms, ions or molecules of a compound are used as
the base of the nanostructures. These entities are stimulated to bond to each other, and
coalesce, producing the nanoparticles. The bottom-up approaches are controllable and
can produce particles with defined size. Also, as these methods are based on application
of different kind of energies (magnetic, mechanical, thermal, etc.) or chemical reactions,

the nanoparticles shape, composition and properties can be precisely controlled (1).

The bottom-up approaches are based on the growing of nanoparticles from a
precursor solution. This process occurs basically in three steps (19, 20). On the first step,

the ionic entities are reduced, leading to the formation of monomers. Then, the monomers
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bulk fragments nanoparticles clusters atoms

Figure 1 — Types of methods for nanoparticle production: Top-down and Bottom-up.
Adapted from (1)

bind to each other, forming small particles, called nucleus. These nuclei act as seeds to the
growth process. On the last step, the formed nuclei attract the monomers to the surface,
growing into nanoparticles. The concentration of the species is described by the LaMer
diagram, as presented in Figure 2. There is a huge increasing on nuclei quantity until the
critical concentration (c..;¢) is achieved. Then, as the nuclei agglomerate and form the

nanoparticles, their concentration reduces until reaching an equilibrium value (c¢) (2).

O
ES

9]

1

Concentration of Solute

Time

Figure 2 — LaMer diagram, presenting the two steps of nanoparticles synthesis in terms of
solute concentration. Adapted from (2)

The nucleation and growth of the nanoparticles can be done by a lot of methods
(some of them cited earlier). In all these approaches, a stimulus is used to promote the
reduction of the ions on solution. The stimulus can be a chemical reaction (21), an
electric signal (22), a laser irradiation (23) or ionizing radiation (24). The energy or
charge provided by these stimuli is capable of reducing the metal ions and promote the

nanoparticle formation.
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2.1.1 Chemical synthesis

The metal nanoparticles synthesis by chemical routes occurs through a redox
reaction. The ions of the reducing agent interact with the cations, leading them to their
neutral form, as shown in equation 2.1 (24). As the neutral atoms are produced, they tend
to form clusters of units to tens of atoms. If a sufficient quantity of clusters is formed,
they can grow into nanoparticles by attracting more neutral atoms or aggregating with

other clusters, as presented on equation 2.2.

M +R — M (2.1)
M+ M° — M,
M° + M*T — My (2.2)

M, + M° — M, 4

One of the main methods for nanoparticles synthesis by chemical reduction is the
one developed by Turkevich (25). The sodium citrate is used both as a reducing and
capping agent, responsible for the reduction of the metal ions of gold (Au') or silver (Ag™),
which came from the respective diluted metal salts. According to Pillai et al. (26), the
formation of silver clusters occurs in the following steps, shown in equation 2.3: the silver
ions are reduced, the neutral atoms form dimmers which, in turn, form complexes with

the citrate.

Agt + e, — Ag® — (Ag)s cirate, [(Ag)f .. (citrate)™] (2.3)

(Ag)7...(citrate)~ — citrate capped nanocluster

For gold nanoparticles synthesis, a common method works through the reduction
of chloroauric acid (HAuCly). This precursor generates gold trivalent ions (Au™), which
can be reduced to Au® by a chemical reaction, as first presented by Turkevich et al. in
1951 (25). Some of these methods are carried our direct in liquid-phase (27). Other ones
are made using a structure to guide the reaction properly (28). Pushpavanam et al. have
studied a method in which the cetyltrimethylammonium bromide (CTAB) is used as a
template for the growth of the nanoparticles. One of the properties of that lipid is binding
to specific planes of gold crystal (specially (111) plane). This allows to the crystal to
grow in different directions (29), producing anisotropic nanoparticles. Our synthesis was

inspired in this work.
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2.1.2 Radiolytic synthesis

The synthesis of metallic nanoparticles can be carried out by an irradiation process
instead of a chemical reaction. The ion reduction, in this case, is provided by the ionizing
radiation itself (30). As the photons hit the solution, they react with the solvent (in
most cases, the water), producing the so-called radiolytic ions, such as hydrated electrons
(€aq) or hydrogen and hydroxyl radicals (31). Some of these species act as a reducing
agent themselves, leading the metallic ions distributed on solution to the neutral form.
Therefore, the radiation creates the reducing agents (R~) on Equation 2.1 and leads to
the growth, as shown in Equation 2.2. According to the dose absorbed by the solution,
a control of the synthesis and the concentration of the nanoparticles could be expected

(24, 32). The whole process is summarized in Equation 2.4

H,O0 ™ He+HsOF + OH o
(H @ +H3;0" + OHe) + Ag™ — Ag (2.4)
nAgo growth, AgNP

The radiolytic route presents some advantages among the reduction methods.
First of all, as the pressure and temperature are not major factors, the synthesis can be
carried with ambient conditions for pressure and temperature with high reproducibility
(33). Moreover, in absence of oxygen, the main reducing agent in this case is the solvated
electron generated during the irradiation process, which has a very negative redox potential
(34), enabling the reduction of the metal ion to the zero valence and, consequently, leading
to the formation of highly dispersed nanoparticles (35). Also, by controlling both adsorbed
dose and dose rate, it is possible to control the size of the produced nanoparticles (36).
Therefore, this radiolytic approach had been proved to be an efficient and low-cost method

to synthesize nanoparticles (36, 37).

2.1.3 Microfluidic synthesis

The microfluidic approaches are those based on the use of microfluidic reactors,
which are devices built by using pieces on the micrometer scale. The main idea on using
a microreactor is to carefully control mass and energy transfers inside the system (38).
Their size leads to a high surface-to-volume ratio (for a cylindrical tube, this ratio is 2/r,
with r being the radius of the tube), which enables a high heat transfer. Therefore, a
microfluidic device could be used to control both the heat and the mass transfer during
the reaction (39).
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The main advantage of these routes is that the fine control of the synthesis
parameters lead to the control and reproducibility of the nanoparticles (40). Compared to
conventional batch methods, the microfluidic approach produce nanoparticles with smaller
average size (due to the rapid reaction) (41) and lower polydispersity (due to the control
of synthesis parameters) (42). As a consequence, not only the size of the nanoparticle
is much more controlled but also its crystal structure (43). This approach is used to

synthesize noble metal nanoparticles so far (44, 45).

2.1.4 Combining chemical and radiolytic approaches

As the advantages of chemical and radiolytic approaches were describe in the
previous sections, an integrated synthesis method was developed aiming to use these
advantages, by applying both strategies combined. The chemical step, in this case, is able

to produce the seeds that would grow into nanoparticles in the radiolytic step.

As discussed earlier, the citrate reduction method is able to produce capped
nanoclusters with a relatively small quantity of atoms. If this approach is used in the
microfluidic model, the size and shape of these clusters could be controlled and then, with
an x-ray or 7-ray source, they could grow into nanoparticles, as the radiation reduces the
ions. The silver nanoparticles produced on this project following this method are relatively
simple to produce, as the precursor generates ions with +1 valence. The reduction is easily

carried by the radiolytic species produced in solution.

The combination of the microfluidic and the radiolytic approaches could be a
great option to synthesize nanoparticles that can be useful for dosimetry. The former
technique can control the seeds formed and limit the reactant consumption and the latter
can generate the nanoparticles in a radiation dose dependent way, which would allow

applications in dosimetry.

The synthesis of gold nanoparticles is more complicated, as the precursor (chlo-
roauric acid) produces trivalent gold ions (Au™), which are not easily reduced to Au’
(46), requiring several chemical steps to reduce the trivalent ions to their monovalent form
(Au™), which has a lower reduction potential and can be reduced to the neutral form with

just a single electron (47). As it happens, the nanoparticles grow from the neutral atoms.

The radiolytic synthesis of gold nanoparticles using CTAB as a template can
be summarized as follows: when the gold precursor is diluted, H" and AuCl} ions are
generated (Equation 2.5). As the CTAB is added to the reaction medium, the AuCly
is converted to AuBr; in a ion exchange process (48). This leads to the formation of
[CTA]-[AuBry4] complexes (Equation 2.6) (49). Finally, a reducing agent (in our case the

ascorbic acid) is added to the solution and the gold ion is reduced to Au™!. In other words,
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the complex is modified to [CTA]-[AuBrs] (Equation 2.7) (50, 49). Finally, the gold is
reduced to its neutral form through the irradiation step (Equation 2.8). As the gold atoms

are formed, they coalesce into nanoparticles, as represented on Equation 2.2.

HAuCly 228 f+ 4 AuCly (2.5)
AuCl; +4 CTAB — [CTA]* — AuBr; +4 Cl” +3 CTA* (2.6)

CTA+ — AUB'I”Z + CGHSOG — 6'7—114Jr — AUBT; + C6H806 + 2 [’IJr + 2 B?”i (27)
CTA" — AuBry 2% Aug+ CTA" +2 Br- (2.8)

2.2 Metal nanoparticles properties

Once they are synthesized, the nanoparticles can be detected in solution either by
electron microscopy, in which we can - literally - see them, or by UV-visible spectroscopy.
The last one is possible since the metal nanoparticles present a property called localized

surface plasmon resonance (LSPR), that occurs only for nanostructures (51).

2.2.1 Localized Surface Plasmon Resonance (LSPR)

The localized surface plasmon resonance (LSPR) effect is what give color to
nanoparticles solutions and allow us to see their formation on naked eye. The LSPR occurs
due to the collective oscillation of the electrons on the nanoparticles surface. Therefore,
the LSPR effect occurs due to the coherent oscillation of the plasmons in a nanoparticle
(1, 51). It was mathematically described by Gustav Mie in 1908 (52), who solved the
Maxwell equations considering a spherical metal particle smaller than the visible light

wavelength interacting with an incident radiation. The model is described below (1, 51).

Consider a light wave in the UV-visible range with a wavelength A interacting
with a metal particle of radius R much smaller than the light wavelength (2R < \),
as presented in Figure 3. Both the particle and the surrounding medium are supposed
to be homogeneous and well represented by their bulk optical dielectric functions, e(w)
and £,,, respectively, which are independent of the particle size (51, 53). As the particle

interacts with the light, the electron cloud of the metallic cluster oscillates with a frequency
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which depends on the dielectric functions. For noble metals, £(w) is governed both by the

collective oscillation of free electrons in the conduction band and/or interband transitions

(1).

incident wave

t t+T/2

Figure 3 — Localized surface plasmon resonance (SPR) phenomena. Created in BioRen-
der.com

The first contribution is described by the Drude-Sommerfeld model, which express
the effect of n free electrons per unit volume oscillating by the external field influence. The
contribution of this phenomena is expressed in terms of the electric susceptibility x”°. The
electrons in deeper levels contribute to the dielectric function giving an additive contribution
x'P to the susceptibility, due to the effect of their interband transitions (54). In that way,
the value of the dielectric function can be expressed as e(w) = 1+ x?¥(w) + x'?(w). Both
contributions add complex quantities to the dielectric function, which can thus be written
as e(w) = e1(w) + i - ea(w) (1, 54).

When the external light (i.e. the external field) reaches the particle, it can interact
with the free electron cloud, especially the ones on particle surface. Consequently, when
the light has a frequency equal to wy4x, it is found in resonance with the electron cloud
and interact with it in a constructive interference The plasmons, at this condition, strongly
absorb and/or scatter the light. This phenomenon is called Localized surface Plasmon
Resonance (LSPR) (51, 54).

The LSPR phenomena can be described in terms of the extinction coefficient of the
light, 0ey¢(w), which describes, based on particle and medium characteristics, the capability
of the particle to absorb and scatter the incident light. As the particle is smaller than
the wavelength of the light (2R < \), it is possible to consider that the system is in the
so-called quasi-static regime. In this condition, multipoles oscillations can be eliminated,
accounting only to the dipole one (1). In this case, the value of 0., (w) can be expressed
by the Equation 2.9, in which e(w) = 1(w) + i - e2(w) is the complex dielectric function
of the particle, ¢, denotes the dielectric function of the medium, Vy = (47/3)R? is the

particle volume and |k| = w/c is the wavenumber module of the light (1, 54).

EQ(W)
[e1(w) + 2em]? + £2(w)?

Tent(W) = 9%53,{21/0 (2.9)

According to Equation 2.9, the value of 0y (w) is maximum if £y (w) = =2 - &, in
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case of e5(w) being sufficiently small or independent to w, which is valid for the majority
of monovalent metals (1). When that condition is satisfied, the extinction coefficient will
be maximum and, in a spectral analysis, will be seen as a peak in a spectrum obtained by
electronic spectroscopy in the UV-visible range, which corresponds to the SPR absorption
peak (54, 55).

2.2.2 Fluorescence from very small metal nanoparti-

cles

The metal nanoparticles, in general, present the LSPR as the most noticeable
optical property. However, if they are sufficiently small (smaller than 2 nm), they are
in the nanocluster range (56). The nanoclusters (NCs) could be seen as an intermediate
state between metal molecules and nanoparticles (57). Due to their limited size, these
structures present unique properties, such as molecular-like gaps (58), relatively strong
photoluminescence (59) and catalytic properties (60). For imaging and sensing purposes,
the most interesting property is the fluorescence in the visible or infrared regions (61, 62). In
fact, the wavelength in which the emission peak occurs depends not only on the excitation
energy but also on the characteristics of the NCs, such as size, shape, composition and

ligands used for capping (63).

The origin of fluorescence from NCs is not fully understood, as it varies according
to the components of the clusters (57). There are two main accepted explanation to this
phenomenon. The first one relies on the size of the particles. If they are small enough, the
energy states on the metal core could achieve some quantization state, due to the small
quantity of interacting atoms (64, 65). Therefore, the fluorescence occurs due to molecular
transitions in the core (66). The second explanation is based on the interaction of the core
with the capping agent in the shell. As a consequence, the fluorescence changes for each

capping agent, as their own energy states are different (67, 68).

The main problem for metal NCs, especially silver, is that these structures are very
unstable (56), easily coalescing into nanoparticles (69). To overcome this disadvantage,
many routes for synthesis of nanoclusters employs organic molecules as capping agents or
templates for the growth, as charged polymer molecules (70), proteins (71), and DNA (72).
As discussed earlier, the use of a given molecule leads to changes on synthesis process and,
consequently, impact the size and shape of the produced nanoclusters. Thus, with the

same core material, it is possible to achieve nanoclusters with different emission frequencies

(67).
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2.3 Nanoparticle-based dosimeters

The dosimeters based on nanoparticles synthesis relate the amount of particles
produced with the radiation dose absorbed by the precursor solution. Alternatively, it
could be possible to study the influence of dose on nanoparticles characteristics, such as
size and shape, for instance, and develop a dosimeter based on the dose-dependent size
and morphological variations. In this work, we have investigated the possibility of three
different characterization techniques to infer about the absorbed dose by the colloidal

dispersion: UV-vis and florescence spectroscopy and dynamic light scattering (DLS).

2.3.1 Dosimeter based on UV-vis spectroscopy (ABS)

When the light hits a material, the effects can be divided into three categories:
absorption, transmission, and scattering. The first one occurs if the material absorbs the
energy of the incident photon. The scattering effect happens when the light direction
is modified by the interaction with the matter. If no significant interaction occurs, the
light is transmitted (73, 74). The proportion in which each effect occurs depends on the
nanoparticles properties (75, 76).

It is possible to determine the amount of light transmitted or absorbed by a material
by illuminating a sample with a known intensity Ip(w) and measuring the light intensity
I(w) after passing through the sample, as presented in Figure 4 (77). Both intensities
are represented as a function of their frequency w. In an absorption spectrometer, a
combination of a gas light source and a prism allows the scanning of the transmitted light

with ultraviolet and visible frequencies (78).

Io () | I (w)
VAVAYAVAYA VAN
Figure 4 — Scheme of absorption spectroscopy. Created in BioRender.com

The absorbance of the given sample can be calculated by the equation 2.10. Also,
its value can be related by the Lambert-Beer’s Law, presented in Equation 2.11. According
to the equation, the absorbance is proportional to the concentration ¢ of the material and

the length L of the sample, which is, for a liquid, the size of the sample cell. The quantity
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€ is called molar absorptivity and its value is characteristic for each material, independent

of the samples size or concentration (77, 78).
I
A = logig <°(w)> (2.10)

A—c.L-c (2.11)

When the metal nanoparticles are present in solution, an absorbance peak centered
on LSPR frequency appears in the spectrum. As the concentration increases, the peak
becomes more intense (79). Due to this relationship, a dosimeter based on the LSPR
peak intensity (absorbance) in a UV-vis spectrum is possible. In fact, many authors
have studied this kind of dosimeter, which can be understood as a variation of the Fricke
Dosimeter (24, 32, 50)

However, this approach for metal nanoparticles dosimeter is limited because the
LSPR peak intensity is dependent not only on nanoparticles concentration but also on
their size, shape and composition, including the precursor metal salt and the agents used
to reduce and stabilize the particles (80). Therefore, this approach produces a relative

dosimeter, i.e., a calibration curve of dose and LSPR peak intensity is required.

2.3.2 Dosimeter based on fluorescence spectroscopy
(FLS)

Before the light get absorbed by a material, they interact in a way that the photons
have their paths deflected, one or multiple times. This event, called "light scattering", is
responsible for the possibility of detection of the scattered light in several directions. This
means that it is possible to separate this signal from the absorption, just by choosing a
different angle for detection. As the previous phenomena, the scattering is influenced by
the material itself and by the wavelength (or the frequency) of the incident light, providing

specific information about the material, like a fingerprint.

Besides the light interactions with matter, the fluorescence is the one characterized
by the absorption of the incident photon by an atom or a molecule (or a nanoparticle)
followed by the transition of the entity to an excited state. When the relaxation occurs,
and the molecule returns to the fundamental state, a scattered photon is emitted. This
photon generally has just a fraction of energy of the incident one, which means that its
characteristic wavelength is greater than the original photon. Figure 5 summarizes this

process.
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Figure 5 — Scheme of a fluorescence spectroscopy, in which the sample is excited (continuous
line) and emmits with higher wavelengths (dash lines)

The wavelength in which the emission spectra is centered provides information
about the nature of the studied entity. As discussed, it depends on the excitation spectra
as well as on the materials preparation. The intensity of the band in the emission spectra
gives information about the amount of particles present in solution. For our dosimetric

purposes, it is the most interesting value.

However, the same limitation present on the absorption spectroscopy discussion is
valid here: the size, shape, and composition of the nanoparticles influence on the result,
which means that the results are valid specifically for our synthesis, requiring a calibration

in relation to a standard dosimetric method.



Methodology

3.1 Silver nanoparticles synthesis

3.1.1 Synthesis without heating

The silver nanoparticles were produced following the citrate method. Silver nitrate
(AgNO3) was used as the precursor and the trisodium citrate (NagCgH;O7, abbreviated as
Na3Ct) was used as the reducing agent. For the first experiments, 50 mL of a 1 mmol/L
AgNO3 was mixed with 1.0 mL of a solution of NazCt in a concentration of 1% in weight,
following the method proposed in (24). The mixture was prepared at room temperature,
under stirring. Then, the solution was divided in 1.5 mL eppendorfs and irradiated with
x-rays. The irradiation was performed on a Magnum X-ray source operating with 48 kVp
and 0.2 mA, leading an x-ray beam with 10 keV effective energy. In this approach, three
samples were not irradiated (0 Gy) and three other ones received a 50 Gy dose, with 2.054
Gy/min dose rate.

Nanoparticles were synthesized with varying concentrations of reactants to verify
their influence on the nanoparticles properties. Table 1 presents the employed concentrati-
ons. These values were also used on the following experiments, in which the influence of a

heating process was studied.

Table 1 — Precursor solutions for silver nanoparticles synthesis

Dispersion | [AgNO3] (mmol.L ™) | [Na3Ct] (% wt)
1 1 1%
2 1 5%
3 2 5%
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3.1.2 Synthesis with conventional heating

The same reactants used in the previous section and the same concentrations
presented in Table 1 were used. Here, 50 mL of the AgNOj3 solution was added to a
3-neck flask, and heated, under stirring, until the water boiling temperature ( 100°C').
The temperature inside the flask was monitored with a thermocouple and the system
was heated by evolving the flask in a heating blank. Then, 1.0 mL of the NazCt solution
was added and the system was kept under stirring during 5 minutes. Subsequently, the
solution was transferred to a 50 mL tube on an ice-bath. As the system reached the room
temperature, the solution was collected and divided into the eppendorfs. The Figure 6

summarizes this procedure.

AQN03
e heating
NasCt under cooling until
: stirring ) room temperature

1.0mL S N
50 mL 0mL 50 mL
room boiling point room

temperature of water temperature

Figure 6 — Methodology for silver nanoparticles synthesis with conventional heating during
the chemical step. Created in BioRender.com

The irradiation procedure was carried out, in triplicate, in the same instrument
and with the same conditions of the previous measurements, including the dose (0 or 50
Gy), the dose rate (2.054 Gy/min).

3.1.3 Synthesis with microfluidic heating

The last approach used for heating the precursor solution was based on the use of
a pair of microfluidic reactors. Our system was similar to the setting presented in Figure
7. Two syringe pumps were used to inject the components through the microtubes. The
AgNOj solution was injected with a 1000 pL/min infusion rate, while the NazCt was
infused with 60 pL/min, resulting in reaction time of 14 s in the heated and 12 s in the
cooled reactors. The concentrations of the infused solutions were the same as in the first

two methods.
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heating until 100 °C cooling on ice bath ‘ ’

Figure 7 — Methodology for silver nanoparticles synthesis employing a microfluidic reactor
during the chemical step. Created in BioRender.com

3.1.4 Construction of the microfluidic reactors

The microfluidic reactors were designed to improve the temperature control during
the synthesis. The main requirements for this method is that the silver nitrate must be
heated alone up to 100 °C' and the mixture with sodium citrate must be cooled down
to room temperature. As a consequence, our system employed two pumps (one for each

reactant) and two microchannels (one for each step).

The first reactor was designed as follows: a 1.5 m PEEK®teflon microtube was
wrapped around an iron piece with an internal heating element connected to a voltage
source, as shown in figure 8. As the system is turned on, electrical current flows through
the heating element, leading to heat generation. The microtube is also heated and, due
to its large surface-area, the flowing solution inside has its temperature raised. During
all the time, the temperature was monitored with a thermocouple. The microreactor was
evolved with a thick layer of glass wool and a layer of fabric to avoid heat losses. On both
layers, some holes were made to pass the inlet and outlet tubes (the extremities of the

microtubes), the sensor of the thermocouple and the cables of the circuit on the iron piece.

The second reactor, used to cool the solution after the mixing the heated Ag
precursor with the reducing agent, was much more simple to design. A plastic tube
was immersed on a beaker with ice and a thermometer to control the temperature. The
acceptable temperature range was defined as 0 - 5 ““C. Every time the temperature
passed over to 5 °C', more ice was added to the beaker, to keep the system on the acceptable
range. The reactors were connected to each other and to the syringe pumps with plastic

connectors.
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Figure 8 — Scheme of the microreactor used on the microfluidic approaches. Created in
BioRender.com

3.1.5 Irradiation conditions

As mentioned above, the solutions were irradiated mainly with a Magnum X-ray
source, with tube volage 48 kVp, effective energy 10 keV and current of 0.2 mA. However,
for some experiments, different irradiation conditions were employed. In this case, as
different beam energies were needed, the samples were irradiated with an Isovolt Titan
E-160M-2 GE (refereed as 'Titan tube’). The energy and current were controllable.

The beam characterization was made before the irradiation of the samples. The
effective energy was calculated for each used voltage, from 60 to 160 kV. The half-value
layer (HVL) was obtained with a PTW Electrometer system and high-purity aluminum
plates. Then, the total attenuation coefficient (1) was calculated, in cm™!, by Equation
3.1. Accounting for the aluminum density (2.7 g/cm?), the mass attenuation coefficient
(u/p) was obtained, in cm?/g, by Equation 3.2. Finally, with the expected values for
i/ p obtained in the NIST XCOM website (3), the effective energy for each voltage was
obtained by interpolation. Table 2 shows all these calculated data and Figure 9 presents

the mass attenuation coefficient for aluminum as a function of the beam effective energies

~0.693
 HVL

Yy _*
<p>Al PAl (32)

y (3.1)
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Table 2 — Calculations of the effective energy for each voltage in the Titan tube

Voltage | HVL | u (em™?) | u/p (cm?/g) | Effective energy | Dose rate
60 kV 0.19 3.65 1.35 29.04 keV 0.4 Gy/min
80 kV 0.24 2.89 1.07 31.05 keV 0.7 Gy/min
100 kV 0.30 2.31 0.86 34.87 keV 1.0 Gy/min
120 kV 0.37 1.87 0.69 37.76 keV 1.3 Gy/min
160 kV 0.50 1.39 0.51 42.75 keV 2.1 Gy/min

Total attenuation (g/cm?)
3

T T
10° 10' 10? 10°
Photon energy (keV)

Figure 9 — Mass attenuation coefficients for aluminum, emphasizing the work region. Data
obtained from (3)

With this beam, all irradiations were carried out with a 30 cm source-to-sample
(SSD) distance. The samples were placed in a watch glass under the radiation source,
alligned with the center of the tube irradiation field. The nominal dose rate for each
voltage, which was measured for SSD = 100 c¢m, was corrected by the inverse square law.
The real dose rate, considering a tube current of 10 mA is presented in the last column of
the table 2.

3.2 Gold nanoparticles synthesis

3.2.1 Checking the viability of the synthesis

The gold nanoparticles synthesis followed the route presented by Pushpavanam et
al. (50). The main advantage of this route is the unnecessity of heating, which enables us
to use a little quantity of precursor. Consequently, the cost of this approach is diminished

as the required quantity of gold is not high.

This synthesis works with the chloroauric acid (HAuCly) as the gold precursor, the
ascorbic acid (CgHgOg, abbreviated to AA) as the reducing agent and the cetyltrimethy-
lammonium bromide (CTAB) as the template. Here, the CTAB molecules form a micelle,
with the hydrophilic part outside and the hydrophobic part inside it. 37.5 uL of HAuCly
10 mM and 750 L. of CTAB 50 mM were mixed at room temperature. At this point, the
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solution achieved a yellow color. A 50 Gy dose was given at this stage. The irradiation

was performed with the Magnum X-ray source and 2.054 Gy/min dose rate.

After that, the unirradiated samples were mixed with 750 uL of AA 10 mM. The
solution became immediately colorless. This sample was then also irradiated with 50 Gy
with the same x-ray tube. The final solution was deep purple, indicating formation of

large nanoparticles.

The characterization of the nanoparticles was performed by absorption spectroscopy,
to observe the LSPR band. Also, the size of the nanoparticles was measured by dynamic

light scattering.

3.2.2 Optimizing the parameters for the gold nano-

particles synthesis

The reaction and irradiation parameters were varied to verify their influence on
the gold nanoparticles formation. For each case, only irradiations with 50 Gy were taken.
Table 3 shows all the parameters studied. The variations of the dose rate were obtained
on the 48 kVp Magnum X-ray source, by changing the SSD, whereas the beam voltage

optimization experiments were made with the Titan X-ray tube.

As in the previous experiments, UV-vis spectroscopy and dynamic light scattering

were employed to analyze the samples.

Table 3 — Parameters for gold nanoparticles synthesis optimization

Parameter Interval
Concentration of HAuCly 1 to 10 mM
Concentration of Ascorbic acid 2 to 10 mM
Dose rate 0.274 to 3.254 Gy/min
Beam voltage 60 to 160 kV

3.3 Characterization

3.3.1 Uv-vis spectroscopy (ABS)

UV-vis spectroscopy, was performed in an Ultrospec 2100 pro UV-visible spectro-
meter. The spectra were collected in the 300 - 900 nm interval, thus including all the
visible, near ultraviolet and near infrared range. All the samples, without any dilution
or purification, were placed on quartz cuvettes with 10 mm length. Ultrapure water was

used as reference.
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3.3.2 Fluorescence spectroscopy (FLS)

The fluorescence spectra were recorded on a Hitachi F'7000 fluorescence spectrometer.
The excitation spectrum was collected with emission fixed at 380 nm (81). Since 240 nm
was found to be the best excitation wavelength, the emission spectroscopy measurements
were carried out in the 265-445 nm emission interval, to avoid the peaks related to the
water Raman scattering and the harmonic from the incident light, respectively. For all

samples, a quartz cuvette with 2 mm optical length was employed.

3.3.3 Dynamic light scattering (DLS)

The DLS measurements, used to obtain the hydrodynamic size of the nanoparticles,
were collected on a Zetasizer Nano of Malvern Instruments. All the samples were diluted 50x
before the measurement (24 pL of the original solution in 1.2 mL of water). The solutions
were added in acrylic cuvettes with 10 mm optical length. For the silver nanoparticles, the
refractive index was n = 0.135 and the absorption was k = 3.99. For gold nanoparticles,

the respective values were n = 0.20 and k = 3.32.

3.3.4 Transmission electron microscopy (TEM)

Microscopic images were recorded with a Hitachi HT7700 transmission electron
microscope Hitachi HT'7700. The solutions were diluted 20x (750 uL of the original solution
in 1.5 mL of water), dropped on the surface of copper TEM grids and dried overnight.

The size distributions from the TEM images were obtained as follows. First of all,
a treatment on the images was carried out, to enhance the contrast between the particles
and the surrounding. To this end, the images were treated with a Bandpass filter, followed
by a Minimum filter of 1.0 radius. As the nanoparticles were highlighted in the image, the
threshold was adjusted and then the nanoparticles were found by the Particle Analyzer
function. The minimal acceptable circularity was set to 0.70, as the spherical nanoparticles

are desirable but not completely achieved.



Dosimetry based on the synthesis of
silver nanoparticles

In this chapter, the main results about silver nanoparticles synthesis will be
presented and the relevant discussions developed. The results will be divided according to
the development of our synthetic protocol. The silver nanoparticles were synthesized by a
reduction method. The silver nitrate (AgNO3) was used as the precursor agent, and the
sodium citrate (Na3Ct) was used as reducing agent. The components were mixed at a

controlled temperature and irradiated with X-ray beams.

4.1 Development of synthesis protocol

In this section, the synthesis route was developed from the assumption that the
reduction would be accelerated by the x-ray beam. The importance of a heating process
before the irradiation was tested, aiming the formation of the particles. After that, the

optimized protocols were employed for dosimetric applications with doses from 0.25 to 50
Gy.

4.1.1 Effect of heating the precursor solution

On the subsequent results, the concentration of the precursor and the reducing

agents were varied to produce three samples, according to the Table 4.

Table 4 — Precursor solutions for silver nanoparticles synthesis

Solution | [AgNOs] | [NaszCt] | Line color
1 1 mmol.L ™! 1% red
2 1 mmol.L ™! 5% blue
3 2 mmol.L 7! 5% green
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Figure 10 shows the UV-vis spectra for the chemical synthesis, without heating
and irradiation. Figure 10(d) shows the average spectra for each tested sample. Any
well defined absorption band was detected in these spectra, indicating the absence of

nanoparticles when the synthesis were carried under these conditions.
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Figure 10 — UV-vis spectra for samples without heating or irradiation processes with
AgNO3 and Na3zCt concentrations of (a) 1 mmol.L ™! / 1% wt; (b) 1 mmol.L~?
/ 5% wt and (¢) 2 mmmol.L™! / 5% wt. (d) Average spectra and (e) maximum
absorbance for each sample

Figure 11 show the spectra obtained with the same samples, after an irradiation
with 50 Gy. When the samples are irradiated, an absorption peak appears, indicating
the formation of nanoparticles. However, the absorbance intensity is relatively high in all
spectra and there is a plateau between 800 and 900 nm, for example, presenting up to 16%
noise on the curves). Furthermore, the plateau after the plasmon band, which is expected
to decrease to absorbance values around 0 for sample with uniform and well dispersed
nanoparticles, increases in intensity upon increasing the concentration of both reactants
(either Ag or Na3Ct). Therefore, these results suggest that the effect of the radiation on
the synthesis, when used isolated, is a disorderly formation of the nanoparticles and a

possible aggregation process.

The polydispersity can be qualitatively inferred by the width of LSPR bands. The
higher the polydispersity, the larger the absorption band. The bands obtained with these
methods were fitted by a Gaussian distribution, not considering the portion before the
band (300 to 350 nm), in order to obtain the full width at half maximum (FWHM).
The FWHM values obtained for the bands in Figure 11(d) were 195, 302 and 197 nm,

for the red, blue and green lines, respectively. The increase in sodium citrate led to a
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more polydispersed sample, which can be explained by a disordely reduction of silver and
capping of the particles. The addition of more silver nitrate produced a less polydispersed
solution. This behavior can be attributed to the increase in the nucleation rate, due to the
higher availability of silver in dispersion. These values will be compared with the results
obtained with a combination of heating and irradiation process, in order to infer about

the role of each method on the size distribution.
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Figure 11 — UV-vis spectra for samples just irradiated with 50 Gy, with AgNO3 and NazCt
concentrations of (a) 1 mmol.L ™! / 1% wt; (b) 1 mmol.L ™ / 5% wt and (c) 2
mmmol.L ™! / 5% wt. (d) Average spectra and (e) maximum absorbance for
each sample

4.1.2 Synthesis of AgNP with conventional heating

A heating step was added to the synthesis before the irradiation. The samples were
heated in a 3-neck flask until the water boiling point and then cooled to room temperature.

Irradiated and non-irradiated samples were compared.

Figure 12 shows the spectra obtained for the samples produced only by heating as
well as the average spectra and the maximum absorbance for each concentration of these
samples. There are distinctive bands for all concentrations, indicating that the heating
is sufficient to catalyze the nucleation process. The fact that the second sample, which
has the highest [NagCt]:[AgNOj] ratio, generated the lower and wider absorbance band
suggests that the capping effect of citrate limits the growing process. This synthesis is
generally carried out with a longer time of heating. In this case, there is not a significant

difference between the absorbance of each sample.
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Figure 12 — UV-vis spectra for samples heated but non-irradiated, with AgNO3 and NazCt
concentrations of (a) 1 mmol.L ™' / 1% wt; (b) 1 mmol.L ™ / 5% wt and (c) 2
mmmol.L~! / 5% wt. (d) Average spectra and (e) maximum absorbance for
each sample

The size distributions were examined in terms of the FWHM. For this case, the
width obtained for red, blue and green lines were 302, 292 and 289 nm. These values are
higher than the obtained for the particles synthesized only with radiation. The heating, at
least with the short time employed, is not so effective in generating a less polydisperse
distribution of nanoparticles. This result, and the lower absorbance intensity compared to
the bands in Figure 11, lead to the conclusion that, in this approach, the nucleation is
highly catalyzed but a lower amount of particles is produced, which can be an indication

of the viability of the heating as an intermediate process.

Figure 13 shows the absorbance spectrum for each sample that was heated and
irradiated. Well defined bands are detected for all samples, especially for those ones with
lower [NazCt]:[AgNQ3] ratio, supporting the conclusion that the capping agent is limiting
the growth. For all samples, the absorbance increased compared to the results in figure 12.

This indicates that the irradiation process resulted in nanoparticles growth.

Compared to the results presented in Figure 11, the absorbance is lower when the
sample is irradiated after heating. This result suggests that, without heating, a disordered
formation of nanoparticles take place, consuming the silver precursor and limiting the
amount of particles that can be produced, probably because few nuclei are formed in
non-heated samples. It is worth noting that the bands in Figure 13 are better defined than
the bands in Figure 11, and their backgrounds are closer to zero. These results suggest that

the heat /irradiation combination leads to narrower size distributions than the obtained
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Figure 13 — UV-vis spectra for samples heated and irradiated, with AgNO3 and NazCt
concentrations of (a) 1 mmol.L ™' / 1% wt; (b) 1 mmol.L ™ / 5% wt and (c) 2
mmmol.L~! / 5% wt. (d) Average spectra and (e) maximum absorbance for
each sample

when only the irradiation takes place. This is supported by the smaller FWHM obtained
for these samples (225, 260 and 167 nm for red, blue and green lines). Consequently, the
combination of heating with irradiation makes the samples more suitable for dosimetric

purposes.

4.1.3 Synthesis of AgNP with microfluidic heating

The conventional heating process was substituted by the microfluidic approach in
order to achieve a better control of the solution heating and cooling, avoiding temperature
gradients, that are common in the flask. The same procedures were developed, allowing a
direct comparison of the results. Figure 14 shows the absorbance spectra obtained with
the samples heated in the microfluidic reactor until the boiling point of water and then
immediately cooled down. The average spectra and the maximum absorbance are also

shown in this figure.

The absorbance presented by these samples is incredibly low at the plasmonic
region, indicating that any nanoparticle is formed without irradiation. This result suggests
that the nucleation is taking place during the quick heating step while the growing process
is avoided by the fast cooling allowed by the microfluidic reactor. Therefore, we expect that

the growth will occur exclusively after irradiation of the seeds formed in the microreactor.
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Figure 14 — UV-vis spectra for non-irradiated samples heated in the microfluidic system,
with AgNO3 and NazCt concentrations of (a) 1 mmol.L™! / 1% wt; (b) 1
mmol.L™! / 5% wt and (¢) 2 mmmol.L™! / 5% wt, (d) Average spectra and
(e) maximum absorbance for each sample

It is noteworthy that all the samples produced with the microfluidic approach
presented an absorption band centered around to 580 nm. Although theiy present low
intensity, these bands could not be ignored. According to the literature, an apparent
shifts in LSPR bands can, in factm be assigned to the light absorption from to oligomeric
particles, due to interaction between nucleophilic reagents and surface atoms of clusters (82).
This reinforces the proposed mechanism of nanoparticles formation, with these detected
clusters corresponding to an intermediate state before silver nanoparticles formation (26).
Moreover, this absorption peak has been addressed to clusters containing few Ag atoms
(83). Therefore, this seems to confirm that only nucleation takes place during the heating

in the microreactor.

To further verify this hypothesis, the same procedure with the microreactor early
described was repeated, but, in this case, with an irradiation (50 Gy) process after the
chemical synthesis. The samples were then irradiated with the 48 kV beam. The individual
spectra obtained are presented in Figure 15, with the average spectra and the maximum

absorbance for each concentration.

As observed in the figures, the samples produced in the microreactor followed by
exposition to x-rays present a characteristic LSPR band. It is clear that the previous heating
in the microreactor is able to induce the production of a high amount of nanoparticles,
which, in turn, lead to an intense SPR peak. It is noticeable that the peaks in Figure 15,

related to samples produced in the microreactor, are much narrower than the ones in the
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Figure 15 — UV-vis spectra for irradiated samples heated in the microfluidic system, with
AgNOj3 and NazCt concentrations of (a) 1 mmol.L™! / 1% wt; (b) 1 mmol.L. ™!
/ 5% wt and (c) 2 mmmol.L™! / 5% wt. (d) Average spectra and (e) maximum
absorbance for each sample

Figure 13, related to samples produced in a conventional flask. In fact, the FWHM of
these samples are nrrower than the obtained for samples produced with the conventional
method (137, 154 and 116 nm, for red, blue and green lines, respectively). This suggests a
greater control of the particle size distribution prompted by the microfluidic method, once

polydisperse nanoparticles leads to broader LSPR bands.

4.1.4 Comparison between the methods

After all, the methods for nanoparticle synthesis were compared with each other by
the capability of the radiation to enhance the production of the particles and, therefore, to
increase the absorbance band intensity. Figure 16 shows the comparison of the intensity
of each absorbance peak. When the LSPR band was not clearly observed (for example, in
the Figures 10 and 14), the maximum value on the LSPR peak interval (400 - 440 nm)

was taken as representative of that absorbance.

The unheated samples presented higher intensities than the heated ones. However,
as shown in the earlier sections, these samples presented a high background signal (Figures
10 e 11), which is undesired for dosimetric purposes. Samples produced with both
conventional and microfluidic routes show a well-defined LSPR band, although their
maximum intensities were reduced compared to the unheated samples. Also, the intensity

of the absorbance peak, generally, increases significantly when the samples were irradiated.
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Figure 16 — Maximum absorbance observed for the synthesis with no heating; conventional
heating; and microfluidic heating.

Figure 17 depicts the enhancement of the absorbance after irradiation for each
sample and for each method. Basically, each bar in the graph correspond to the absorbance
value in the LSPR spectral region of irradiated samples divided by the absorbance of the

respectives non-irradiated samples.
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Figure 17 — Absorbance enhancement after irradiation (50 Gy) for the nanoparticles
produced without heating, with conventional heating and with microreactor
heating for each [Ag]/[NazCt] proportion

Therefore, Figure 17 reveals that the microfluidic approach provides the largest
absorbance enhancement, for all tested Ag and NazCt concentrations. For dosimetric
purposes, this could result expected to result in higher dosimetric sensitivities for radiation
detection. The qualitative analysis indicates the same result, once the LSPR band is not
observed in non-irradiated samples but is very intense and well-defined for the irradiated
ones. The conventional approach has a qualitatively good behavior as well, but the gain is

affected by the presence of a relatively intense LSPR band even without irradiation. This
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band probably appears due a formation of nanoparticles caused during the slower cooling

process in the flask.

All the results in this section show the importance of a previous heating process for
the synthesis of silver nanoparticles. This step is capable to produce seeds which will be the
basis for the particles growth. Moreover, the control of the heating and cooling processes
is also very important. As the microfluidic reactor allows a faster cooling process (and,
consequently, a shorter time at high temperatures), a better control of the nanoparticles
size distribution is achieved, as indicated by the narrower LSPR bands. Next experiments

will employ only samples heated before the irradiation

4.2 Tonizing radiation dosimetry with silver

nanoparticles

The synthesis procedures studied in the previous section evidenced the importance
of the microfluidic heating and cooling processes before the irradiation, opening new
avenues for dosimetry. Therefore, we produced nanoparticles with doses varying from 0.5

to 50 Gy to study how the dose affects the nanoparticle synthesis.

The dispersions produced in those radiochemical routes (both conventional and
microfluidic) present a characteristic feature in macroscopic scale. As the dose absorbed
increases, more nanoparticles are synthesized and, due to the LSPR phenomenon, some of
the wavelengths are absorbed. As a consequence, the dispersion becomes yellow, and this
color is more intense as much as the dose is higher. Figure 18 presents a group of samples,

irradiated with doses varying from 0 to 50 Gy, as an example.

Dose (Gy)
00 05 1.0 25 5.0 10 25

Figure 18 — AgNP dispersions irradiated with doses from 0 to 50 Gy

For dosimetry purposes, we studied the angular coefficient of the dose response
curve given in terms of absorbance, to verify which method is more efficient to constitute

a radiation dosimeter.
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For the conventional method, Figure 19(a) shows the curves for each dose from 0 to
50 Gy, obtained as the average of three irradiated samples with 2 mmol.L~! AgNO3 and
5% wt NazCt. Figure 19(b) depicts the maximum absorbance and the respective standard

deviation.
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Figure 19 — (a) Average absorbance spectra for nanoparticles produced with the conven-
tional method with irradiated with doses from 0 to 50 Gy; (b) Maximum
absorbance at the plasmonic range as a function of dose, for sample with 2
mmol.L=! AgNO3 and 5% wt NazCt

Both figures reveal the same behavior previously noticed: a significant signal even
without irradiation, attributed to the complete formation of nanoparticles during the
heating process. Because the solution was not quickly cooled, the thermal energy was
enough to reduce a remarkable quantity of silver ions, thereby promoting both nucleation

and growth processes.

The angular coefficient in the curve in Figure 19(b) is (2.0 & 0.5) x 1072 a.u./Gy.
This value could be taken as the sensitivity of the sensor, as it represents the change in
absorbance due to the formation of more nanoparticles, i.e., the change in absorbance
due to the absorbed dose. This sensitivity is close to the values obtained in the literature.
Notably, the work published by Funaro et al. (24), which was the starting point of this
work, produced silver nanoparticles by gamma-ray irradiation with sensitivity of 4.2 x
1073 a.u./Gy from 0 to 120 Gy, with their approach. The observed differences in sensitivity
could be attributed to different irradiation conditions and radiation quality (as we are
using beams with lower energies, one could expect a different impact on nucleation and

growt, but still with a linear behavior).

The results from figure 19 were analyzed in terms of the reliability of the signal and
by determining the minimal detectable change (MDC). The reliability is a measurement
of the results consistency (84), and can be obtained by the Standard Error Measurement
(SEM), which quantifies the precision of individual measurements (85, 86). Then, the
MDC can be obtained from SEM by equation 4.1 (86). In that equation, SEM is obtained

by the Standard Error between all the measurements in the ground state (in this work, the
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measurements at 0 Gy) and the value 1.96 is due to the z-score for 90% confidence level,
which is our aim. The MDC, thus, represents the lowest measurable value (in our work,
the absorbance intensity) that can not be accounted as a noise related to the standard

sample (unirradiated).

MDC = SEM x 1.96 x V2 (4.1)

With the values obtained in this case, the MDC resulted in 0.005 a.u., which means
that the significant measurements are those which are at least 0.005 absorbance units
greater than the value for the 0 Gy one, which is 0.046. Thus, the lower significant value
is 0.051 a.u.By interpolation with the results for 0.5 Gy (0.048) and 1 Gy (0.052) the
minimal detectable dose (MDD) for this dosimeter was found to be 0.89 Gy.

After that, we did the same experiment with samples produced by the microfluidic
approach. Figure 20(a) shows the curves for each dose from 0 to 50 Gy. As in the
conventional method, the spectra are the average of three samples. Figure 20(b) depicts

the maximum absorbance obtained in the LSPR region for each dose.
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Figure 20 — (a) Average absorbance spectra for samples produced in the microreactor
with irradiation from 0 to 50 Gy; (b) Maximum absorbance obtained at the
plasmonic range as a function of dose, for sample with 2 mmol.L=* AgNOs
and 5% wt NazCt

The first important aspect of this result is the absence of a significant signal
in the LSPR region for the non-irradiated samples. As expected, the better control
of the heating and cooling processes avoid nanoparticles formation before irradiation.
Figure 21 brings our proposed mechanism on how the processes might be happening in
each case. As discussed earlier, a significant number of particles are formed with the
conventional route because nucleation and growth take place during the chemical step.
The microfluidic protocol, however, prevents the early formation of nanoparticles, allowing
that only nucleation happens in the chemical step and avoiding that particle growth occurs

before the irradiation.
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Figure 21 — Our hypothesis on how the nucleation and growth of silver nanoparticles
occurs in (a) conventional and (b) microfluidic approaches. The blue balls
represent the silver seeds and the grey ones the silver nanoparticles

For this methodology, the sensitivity was obtained by the same analysis. In this
case, the slope was (2.1 £+ 0.1) x 107 a.u./Gy. The value is close to the one found for the
conventional route, which means, at first glance, that, although the silver atoms are not
consumed for particle growth before the irradiation, this actually did not impact the growth
rate after irradiation. Figure 22 presents both curves obtained for each method and a third
one representing the data and the fitting for the conventional method vertically shifted to
remove the background relative to the 0 Gy signal and give a better representation of the

sensitivities (i.e. the angular coefficients).
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Figure 22 — Maximum absorbance for each dose from 0 to 50 Gy for the methods developed
to synthesize nanoparticles: (red) conventional route, (blue) microfluidic
route and (orange) conventional route (dislocated). The samples contained 2

mmol.L=! AgNO; and 5% wt NazCt

The MDC was calculated here by the same method described before, applying the
standard deviation in equation 4.1. For the microfluidic route, the MDC was 0.002 a.u.

Once 0 Gy signal is 0.004, the minimal significant absorbance is equal 0.006 a.u., which
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means that the MDD in this method is equal to 0.63 Gy. In this sense, the microfluidic
approach has proven to be more efficient than the conventional one on detection of lower

doses.

4.2.1 Radiation dosimetry with silver nanoparticles

in the 0 - 2.5 Gy dose region

As both methods were found to be applicable for dosimetry, a new challenge was
detected: to obtain reliable measurements in the low dose region (from 0 to 2.5 Gy). A
good performance within this interval is highly desirable because it is close to the radiation
therapy range, thereby allowing applications in medical procedures. In fact, as observed
in Figure 20, it seems that a different sensitivity would obtained in the 0 - 2.5 Gy range.
Therefore, samples were irradiated with the same beam but with doses from 0 to 2.5 Gy.

The same conditions and concentrations were used and the same analysis were carried.

Figure 23 show the absorbance spectra for the two methods applied to this lower
dose interval. The same behavior previously described happens here. The spectra for
the conventional method (23(a)) present a high background. Due to the noise in the
curve, all the peaks presented almost the same intensity, revealing that the dosimeters are
not sensitized by these lower radiation doses. However, a clear increase in absorbance is
noticed for the samples produced by the microfluidic approach (23(b)), indicating that the

microreactor improves the dosimetric sensitivity in the lower dose region.
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Figure 23 — (a) Average absorbance spectra of nanoparticles produced with the conventio-
nal method and irradiated with doses from 0 to 2.5 Gy; (b) Average absorbance
spectra of nanoparticles produced by the microfluidic method and irradiated

with doses from 0 to 2.5 Gy. The samples contained 2 mmol.L.=* AgNO3 and
5% wt NazCt

The maximum of each curve was taken considering the plasmonic range (400 to

440 nm). The intensity, for each dose is shown in Figure 24. The red and blue curves show
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the results for the conventional and microfluidic approaches, respectively, and the orange
curve represents the data from the red curve shifted in order to eliminate the background

gap and allow a direct comparison with the blue one.
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Figure 24 — Maximum absorbance for each dose from 0 to 2.5 Gy for the methods developed
to synthesize nanoparticles: (red) conventional route, (blue) microfluidic
route and (orange) conventional route (dislocated). The samples contained 2
mmol.L=! AgNO3 and 5% wt NazCt

The slope for the blue line is clearly greater than the ones for the other lines,
indicating that the sensitivity of this method (the microfluidic route) is greater than for
the conventional one. In fact, the slope values are (3.0 £ 0.1) x 107 a.u./Gy and (5.8
+ 0.6) x 1073 a.u./Gy for the conventional and microfluidic approaches, respectively. Tt
is important to note that the sensitivities are greater for both methods in this interval
(0 - 2.5 Gy), compared to the first one (0 - 50 Gy). Also, the sensitivity for dosimeters
produced in the microreactor is twice the conventional one, clearly indicating the impact
of the heating method. The effect is more pronounced for lower doses probably due to the
higher availability of silver ions in solution, in samples irradiated with low doses. Upon
increasing the dose, more nanoparticles are formed, consuming more silver ions, thereby
decreasing the particle growth rate and, consequently reducing the dosimetric sensitivity
in the higher dose range. The MDD for the conventional and microfluidic approaches,
calculates from the Equation 4.1, were 0.66 and 0.20 Gy, respectively, thus demonstrating
the higher efficacy of the microfluidic method.

The absorption around 580 nm was predominant in the UV-vis spectra for samples
irradiated with doses below 1 Gy, suggesting that nanoclusters have a high contribution
to the absorbance in this dose range, as depicted in Figure 25. For doses above 1 Gy,
absorption due to the LSPR starts to take place and becomes predominant at for doses
> 1.5 Gy, indicating that silver nanoparticles are now present. This result reveals that,
besides predominating during the microreaction process, nucleation still predominates in

samples irradiated with doses up to 1 Gy. After that, growth prevails. Moreover, this result
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clearly evidences the gradual growth of the nanoclusters into plasmonic nanoparticles.
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Figure 25 — Absorbance in 580 nm for each dose from 0 to 2.5 Gy for the methods developed
to synthesize nanoparticles: (red) 0 to 0.75 interval and (blue) 1 to 2.5 interval.
The samples contained 2 mmol.L=* AgNO;3 and 5% wt NasCt

For the 0 - 0.75 Gy interval, the calculated sensitivity is (3.4 & 0.3) x 1072 a.u./Gy,
with 98% confidence. The minimal detectable dose is 0.40 Gy. Therefore, both for
plasmonic and the nanocluster wavelengths, the MDD values are lower than the obtained

for the 0 - 50 Gy, thus presenting the efficiency of this dose interval.

4.2.2 Fluorescence dosimetry with nanoclusters

To further verify the presence of silver nanoclusters in the samples irradiated with
the lower doses, fluorescence spectroscopy was performed. According to the literature,
fluorescence emission from silver nanoparticles occurs in particles containing few atoms,
as a result of quantized energy levels. For large nanoparticles, the energy levels are almost
continuous, and the larger silver nanoparticles becomes less or even non-fluorescent (87, 88).
The small nanoparticles are usually called "nanoclusters', referring to nanoparticles smaller
thn 2 nm. Therefore, fluorescence emission from samples exposed to the lower doses could

reveal the presence of nanoclusters.

Figure 26(a) shows the fluorescence spectroscopy results from samples synthesized
by the microfluidic approach, with doses ranging from 0 to 2.5 Gy. Excitation and emission
parameters were obtained from literature (89). Samples were excited with a 240 nm light,
and the spectra were collected between 340 and 440 nm. As can be seen, the fluorescence
intensity increases for doses up to 0.75 Gy and then diminishes until the end of interval.

The Figure 26(b) shows the fluorescence intensity as a function of dose.

As previously discussed before, by employing the microfluidic route, the well-

controlled heating and cooling processes allows that only nucleation takes place before
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Figure 26 — (a) Fluorescence spectra of samples irradiated with doses from 0 to 2.5 Gy;
(b) Maximum fluorescence intensity as a function of the absorbed dose.

irradiation. The fluorescence emission detected for the non-irradiated sample reinforces this
hypothesis, suggesting that the nuclei formed in the chemical step are in the nanocluster size
range. The increased fluorescence intensity for doses up to 0.75 Gy indicates that nucleation
is still predominating over growth, leading to the production of more nuclei/nanoclusters
in solution. Consequently, in the 0 to 0.75 Gy dose range, there is an increase in the
amount of nuclei. As the dose increases, growth stars taking place, resulting in decreased
fluorescence intensity due to the consumption or growth of the nanoclusters, leading to
larger and non-fluorescent silver nanoparticles (above the nanocluster range). These results
indicates that the nanoclusters plays an important and crucial role for particle growth as
an intermediate nanoparticle state as well as for dosimetric applications, once there is a

clear relationship between the nanocluster fluorescence intensity and the absorbed dose.

The data in the Figure 26(b) can be divided in two regions: the first one related
to the increase in the fluorescence signal (in our hypothesis, associated formation of
new nanoclusters) and the second one related to the decreased fluorescence (due to the
consumption and/or growth of the nanoclusters to generate nanoparticles). It is worth
noting that the dose range related to increased fluorescence intensity (0 - 0.75 Gy) coincides
with the prevalence of nucleation (nanocluster formation) as pointed by Figure 23(b).
Moreover, the dose range related to the decreased fluorescence intensity (1 - 2.5 Gy)
coincides with the appearance of the LSPR band in the same figure, associated with
the nanocluster growth and formation of plasmonic nanoparticles. Together, the UV-
vis and fluorescence results undoubtably unveil the nucleation and growth mechanisms
associated to the nanoparticle formation by this radiolytic microreaction besides allowing

new possibilities for radiation detection and dosimetry.

Considering these two regions for dosimetry purposes, the sensitivity, linearity and
MDC were estimated. The slope of the curve, in the first region (increased fluorescence),

is 3.4 + 0.5 a.u. The Standard Error for the background measurement (0 Gy) was 0.4 a.u.,
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and the respective MDC is 1.1 units. Thus, the MDD is 0.20 Gy. Thus, the measurement
at 0.25 Gy (6.114) is valid, and the "fluorescence dosimeter'presents a minimum detectable
dose lower than the absorbance dosimeter, besides being more reliable for measuring low
doses from 0.25 to 0.75 Gy. More importantly, this result reveals multimodal dosimeter
never reported before, furnishing dosimetric information by both fluorescence and UV-vis

spectroscopy.

Silver nanoclusters were extensively produced on glass substrates on the past years
for several applications. The basic principle on their formation is based on the doping of
glasses, such as silicate and zinc oxide, with silver atoms by ion exchange. Then, with
an energy input from laser or gamma-irradiation, the silver ions reduce and aggregate,
forming fluorescent clusters. This process, known as radiophotoluminescence, once the
photoluminescence only takes place after irradiation with ionizing radiation, is largely
used for ionizing radiation dosimetry. According to the literature, the Ag™® ions in glasses
present a characteristic emission band approximately at 375 nm, which is attributed to the
transition 4d%5s — 4d'® (90). Once this band is forbidden for free ions (91), we speculate
that the fluorescence from our samples originates from Ag™ ions in the clusters. Therefore
our detectors could be thought as a radiophotoluminescent dosimeters based on aqueous
dispersions instead of the glass, which has never been previously reported. Because water
is the most abundant component in our system, due to its low effective atomic number,
the dosimeter developed here can be considered as tissue-equivalent, great advantage
compared t the glass-based radiophotoluminescent dosimeters. Future studies will focus

on further increasing the dosimetric sensitivity to allow personal dosimetry.

4.3 Optimization of the parameters for dosi-

metry

Once the results obtained by the previous experiments were promising in terms
of dosimetry, the synthesis and irradiation conditions were varied, such as precursor and
reducing agent concentration, dose rate, and x-ray energy, employing the same setup
and analysis, in an attempt to further optimize the radiation response. As the previous
experiments found the best results for [AgNO;] = 2 mmol.L.™! and [NazCt] = 5% wt
for both conventional and microfluidic approaches, these parameters were taken as the
starting point for optimization procedures. The irradiation was carried out considering
the interval from 0 to 50 Gy to be compared with the results obtained in the previous

sections in this chapter.
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4.3.1 Varying the precursor concentration

The concentration of the silver nitrate was varied from 1 to 6 mmol.L~!, while the
sodium citrate was kept as 5% wt. The samples were irradiated with doses between 0 and
50 Gy, with a dose rate equal to 2.054 Gy/min, in the Magnum X-ray source, 48 kVp.

Figure 27 summarizes the absorbance spectra for each concentration and dose.
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Figure 27 — Absorbance spectra for doses up to 50 Gy with silver nitrate concentrations
of (a) 1 mmol.L™!; (b) 2 mmol.L™%; (¢) 3 mmol.L™!; (d) 4 mmol.L™!; (e) 5
mmol.L.™! and (f) 6 mmol.L™'. The Na3zCt concentration was kept as 5% wt

Figure 28 presents the maximum absorbance obtained for each Ag precursor and

dose. For each graph, the slope represents the sensitivity of the respective dosimeter.
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Figure 28 — Maximum absorbance for doses up to 50 Gy with silver nitrate concentrations
of (a) 1 mmol.L™%; (b) 2 mmol.L™}; (¢) 3 mmol.L™!; (d) 4 mmol.L™%; (e) 5
mmol.L.™! and (f) 6 mmol.L™'. The Na3zCt concentration was kept as 5% wt
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Figure 29 shows the sensitivity (slope) and the linearity (R? index), for each
precursor concentration. The sensitivity increases upon increasing precursor concentration
up to 3 mmol.L~! and then reaches a plateau. Once a higher quantity of silver ions is
available in solution, the number of nanoparticles formed will also be higher. However,
above this concentration (3 mmol.L.™!), the sensitivity stops increasing. One hypothesis
to explain this result is that, although the quantity of available silver ions increased, the
amount of energy deposited by the radiation remains almost constant (absorbed dose
in water), so that the radiation dose becomes the limiting factor. In other words, for a
concentration of 3 mmol.L ™!, the amount of silver ions is already enough to absorb all
the products released by the water radiolysis. However, Figure 27 reveals that, upon
increasing the silver concentration, the plasmon band becomes broader, indicating particle
aggregation or the formation of larger and more polydisperse nanoparticles. The increased
background (tail for longer wavelengths) reinforces this hypothesis. It is well known from
the literature that larger and/or aggregated silver nanoparticles present weaker plasmon
band intensities (lowe extinction coefficient) due to phase retardation of the electric field
experienced by the free electrons at nanoparticle surface (92, 93, 94, 95). In this sense,
we believe that the most likely hypothesis to explain the sensitivity plateau for AgNOg
concentrations above 3 mmol.LL™! is the formation of larger and/or aggregated particles

which, in turns, present lower extinction coefficient.
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Figure 29 — (a) Sensitivity and (b) linearity of the dosimeters based on silver nanoparticles
synthesis, according to the precursor concentration

Table 5 presents the values obtained for the MDC and the minimal detectable dose
(MDD), as calculated by the Equation 4.1, revealing that the MDD value diminishes as
the AgNOj concentration increases. The lower MDD values are probably related to the
increased sensitivity. As the slope increases, the absorbance for a given dose also augments
and, consequently, the signal-to-noise ratio increases, decreasing the SEM value. Therefore,

the dosimetric response is reliable even for dosimeters irradiated with lower doses.
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Table 5 — Sensitivity, linearity, minimal detectable change and minimal detectable dose
for each precursor concentration

[AgNO;] | Sens. (107° a.u./Gy) | Lin. (%) | MDC (a.u.) | MDD (Gy)
1 mmol.LL™! 3.0 £ 0.2 98.33 0.003 2.26
2 mmol.L ™! 3.5£04 94.11 0.004 2.45
3 mmol.L™? 5.3 £ 0.2 99.33 0.003 0.82
4 mmol.L ™! 49 £0.3 98.14 0.005 0.36
5 mmol. L ~* 5.3 £04 96.42 0.003 0.20
6 mmol.L~* 5.5 £ 0.3 98.28 0.004 0.17

For the next experiments, the silver nitrate was used with 3 mmol.L™!, as it
allowed the higher linearity and one of the highest sensitivities with the lowest possible

Ag concentration.

4.3.2 Varying the reducing agent concentration

Silver nitrate concentration was kept at 3 mmol.L=!, and the irradiation parameters
were kept as before. The reducing agent concentration was varied from 1 to 9% wt. Figure

30 shows the absorbance spectra obtained for each concentration and dose.
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Figure 30 — Absorbance spectra for doses up to 50 Gy with sodium citrate on concentrations
equal to (a) 1%; (b) 3%; (c¢) 5%; (d) 7% and (e) 9% wt. The AgNO;

concentration was kept as 3 mmol.L ™!

Figure 31 presents the maximum absorbance for each sodium citrate concentration
and dose. The slope represents the sensitivity for each dosimeter. Its value is presented in

each graph, with the R? index.
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Figure 31 — Maximum absorbance for doses up to 50 Gy with sodium citrate on concen-
trations equal to (a) 1%; (b) 3%; (c) 5%; (d) 7% and (e) 9% wt. The AgNO;

concentration was kept as 3 mmol.L ™!

The sensitivity increases for the concentrations up to 5% wt and then present a
random behavior. The linearity (i.e. the R? index), however reaches a maximum for 5%
wt. After that, it drastically decreases. This behavior suggests an suboptimal synthesis
for high concentrations of the reducing agent, probably due to a limited nanoparticle
nucleation and growth, hindered by NazCt, which also acts as a capping agent in this
synthesis (24, 96). For higher doses and NazCt concentrations, a supralinear behavior is

detected (Figures 31(d) and e) Therefore, samples with NagCt > 7% wt are not suitable
for dosimetry applications

Figure 32 shows the sensitivity (obtained from the slope) and the linearity (from
the R? index) for each reducing agent concentration.
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Figure 32 — (a) Sensitivity and (b) linearity of the dosimeters based on silver nanoparticles
synthesis, according to the reducing agent concentration
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Table 6 — Sensitivity, linearity, minimal detectable change and minimal detectable dose
for each precursor concentration

[NazCt] | Sens. (x 107 a.u./Gy) | Lin. (%) | MDC (a.u.) | MDD (Gy)
1% 2.6 £ 0.2 96.57 0.002 2.04
3% 4.4+ 0.3 96.38 0.003 2.37
5% 5.3 £0.2 99.33 0.003 0.82
™% 3.4 £0.3 95.49 0.002 1.15
9% 49 £ 0.8 87.06 0.003 1.07

According to Table 6, the most reliable results are those with sodium citrate in
concentrations above 5% wt. This concentration also presents the best sensitivity and
linearity. Considering the previous section, the best combination is the one employing
[AgNO3] = 3 mmol.L ! and [NazCt] = 5% wt.

4.3.3 Varying the dose rate

With the chemical conditions optimized, the dosimeters response was analyzed
upon varying dose rate. As the X-ray beam available was able to work with just one setup,
the dose rate was varied by varying the distance between the tube and the sample. In our
previous experiments, the distance used was 5 cm (2.054 Gy/min). Here, the distances
employed were 3 cm (3.254 Gy/min), 5 cm (2.054 Gy/min) and 7 cm (1.236 Gy/min).

The results regarding 5 cm were taken from the previous experiments

Figure 33 shows the spectra for each dose and dose rates used, revealing that the

dose rate has a strong influence on the dosimetric response.
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Figure 33 — Absorbance spectra for doses up to 50 Gy with dose rates of (a) 1.236 Gy/min;
(b) 2.054 Gy/min and (c) 3.254 Gy/min. The samples contained 3 mmol.L.~!
AgNO3 and 5% wt NazgCt

Figure 34 present, for each dose rate, the maximum absorbance for each dose.
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Figure 34 — Maximum absorbance for doses up to 50 Gy with dose rates of (a) 1.236
Gy/min; (b) 2.054 Gy/min and (c) 3.254 Gy/min. The samples contained 3
mmol.L=* AgNO3 and 5% wt NazCt

The two lower dose rates produced dosimeters with lower sensitivities but with
higher linearities (both have presented R? index greater than 99%). However, the dosimeter
irradiated with the highest dose rate, altough presented the highest sensitivity, lacked
linearity compared to the other ones. This result reveal that more particles are produced
upon increasing the dose rate, probably because more Ag ions are simultaneously reduced,
thereby favoring nucleation, i.e. once more nuclei are formed, larger amount of nanoparticles

are produced. However, the higher Ag reduction rate seems to compromise the linearity.

Figure 35 and Table 7 show the sensitivity and the linearity for each dose rate.
The table also presents the values obtained for MDC and MDD in each case. They show
the difference between the sensitivities and linearities with more details and make the
comprehension about them easier. The Table, specially, present how the MDC and MDD
are strongly affected by the lineatity reduction, as the uncertainty becomes is higher. As
a consequence, the dosimeters developed here are suitable for application involving dose
rates below 2.054 Gy/min, but corrections should be implemented according the dose rate

employed.
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AgNO3 and 5% wt NazCt
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Table 7 — Sensitivity, linearity, minimal detectable change and minimal detectable dose
for each precursor concentration

Dose Rate | Sens. (x 107° a.u./Gy) | Lin. (%) | MDC (a.u.) | MDD (Gy)
1.236 Gy/min 4.0 £ 0.1 99.73 0.002 1.11
2.054 Gy/min 5.3 £0.2 99.33 0.003 0.82
3.254 Gy/min 6.1 £0.8 91.11 0.004 0.87

4.4 Silver nanoparticle dosimeter for higher

beam energies

Since the best conditions for the chemical step was determined, and the dosimetric
application verified it becomes important to test the dosimeter response for different beam
energies. Therefore, the efficiency of the dosimeter was evaluated for beam energies close

to the radiodiagnosis range (tube voltage around 100 kVp).

First of all, to check if nanoparticles are produced when irradiated by beams
provided by the Titan tube, with voltages of 60, 100 and 160 kVp (effective energies and
dose rates are presented in Table 2), a 50 Gy irradiation was realized on samples with 3
mmol.L=! AgNO3 and 5 % wt NagCt prepared by the microfluidic method. The distance
between source and sample was equal to 30 cm. Figure 36 presents the absorption spectra
for each kVp, revealing that, considering the experimental uncertainties, the SPR intensity

does not vary with varying the tube voltage.
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Figure 36 — Absorption spectra for the samples irradiated with 50 Gy on the Titan x-ray
tube operating with different voltages. Samples contained 3 mmol.L~! AgNO;
and 5 % wt NazCt and were prepared by the microfluidic method

On the next step, we have studied how the LSPR intensity varies with the dose.
Figure 37 presents the absorption spectra for each voltage (between 60 and 160 kVp) and
dose (between 0 and 50 Gy).
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Figure 37 — Absorbance spectra for doses up to 50 Gy for the Titan tube with voltage
of (a) 60 kVp; (b) 100 kVp and (c) 160 kVp. Samples contained 3 mmol.L.~*
AgNO3 and 5 % wt NazCt and were prepared by the microfluidic method

Figure 38 presents the highest absorbance value obtained at the LSPR peak. The
result is quite similar to the previous one, as it shows that the sensitivity, obtained from
the slope in each figure, do not vary significantly with the voltage. The nanoparticles
might be formed and capped rapidly, which means that the radiation is consumed for
formation of new nanoparticles, instead of the growth of the existing ones. Because dose
rate depends of kVp?, the dosimetric response (LSPR intensity) seems to not depend on

the dose rate for the energies used here.
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Figure 38 — Maximum absorbance for doses up to 50 Gy on the Titan tube with voltage
of (a) 60 kVp; (b) 100 kVp and (c) 160 kVp. Samples contained 3 mmol.L.~*
AgNO;3 and 5 % wt NaszCt and were prepared by the microfluidic method

4.5 Nanoparticle size dependence on beam

energy

The size of the silver nanoparticles were analyzed by transmission electron micros-

copy to verify the influence of the beam energy on the nanoparticle size.
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4.5.1 Method for analysis of the size distribution

The following images present, for each beam, the original TEM image, and the

particle counter. The scale is presented for each case, in the respective caption.

4.5.2 Particle size distribution of the nanoparticles
from samples irradiated with the Magnum X-

ray source

Figure 39 shows the original TEM image obtained for the sample prepared by the
microfluidic method, containing 3 mmol.L~' AgNO3 and 5 % wt NasCt, and irradiated
with the 48 kVp beam. The image presents a large population of small particles, with few
nanometers radius, relatively near to each other, but individually detectable. There are
many tiny nanoparticles relatively well distributed in the image, which could be associated
to the clusters produced during the chemical stage. Finally, few particles with radius
in the order of tens of nanometers are observed. The high amount of smaller particles
indicates a predominance of the nucleation process over the growth, even with the latter

having an influence on the final result.

Figure 39 — TEM image from samples irradiated with the 48 kVp beam (a) original image
and (b) particle analyzer image. Samples contained 3 mmol.L ™! AgNOj3 and
5 % wt NazgCt and were prepared by the microfluidic method

The particle size distribution (PSD) is presented in Figure 40. To this end, the
area (A) of each nanoparticle was calculated by the ImagelJ software, and the radius was
obtained by Equation 4.2, considering the nanoparticles as spheres. There is an evident
predominance of the very small nanoparticles (smaller than 5 nm) in the distribution, and

few ones larger than 7 nm, which are those present in the agglomerate in the image.

r=(A/m)Y? (4.2)
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Figure 40 — Particle size distribution (PSD) of the nanoparticles produced in the 48 kVp

beam

In order to find a more detailed distribution, the nanoparticles larger than 5 nm

were removed from the counts, leading to Figure 41(a). Based on that distribution, the

mean size of the nanoparticles was calculated by a Gaussian distribution, presented in

Figure 41(b). The result shows that the size of the nanoparticles is around 3 4+ 1 nm,

with 96% of confidence. The distribution is highly dispersed, but composed mostly of

nanoparticles smaller than 5 nm, as expected considering that the nucleation was found to

dominate over the growth.
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Figure 41 — (a) PSD of the nanoparticles from samples irradiated with the 48 kVp beam;
(b) Gaussian distribution approximation of the nanoparticles size

4.5.3 Particle size distribution of the nanoparticles

from samples irradiated with the Titan X-ray

tube

The same methodology for treatment of the images and analysis of the size distri-

bution were used for the Titan tube beams.
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Figure 42(a) shows the image obtained for the sample irradiated with the Titan
x-ray tube, operating with 60 kVp. Figure 42(b) show the nanoparticles counted. The
synthesized nanoparticles agglomerate into islands, but each individual particle is still
distinguished, suggesting the absence of coalescence processes. A significant portion of
these agglomerated particles (without coalescence) in tree-like structures close to the

copper grid walls (not shown).

(a) . .

s 40 nm

Figure 42 — TEM image obtained for size distribution analysis of the nanoparticles produ-
ced on the Titan x-ray tube with 60 kVp (a) original image; and (b) particle
analyzer image. Samples contained 3 mmol.L™! AgNO3 and 5 % wt NasCt
and were prepared by the microfluidic method

Figure 43 show the size distribution of the nanoparticles. The sample is composed

mainly for small nanoparticles (90% of them are smaller than 25%).
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Figure 43 — Size distribution of the nanoparticles produced on the 60 kVp beam

As in the first case, it was necessary to limit the data to calculate the mean size.
The Figure 44(a) shows the corrected distribution and the Figure 44(b) shows the counts
per size, approximated by a Gaussian distribution. According to the fit, the mean size is
3 £ 1 nm, with 96% of confidence. This result supports what was seen on the image: the
nanoparticles sizes are strongly concentrated on the lower values. This is an indication that
the radiolytic species produced were homogeneously consumed on nanoparticle growth,

leading to small particles.
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Figure 44 — (a) Size distribution of the nanoparticles produced on the 100 kVp beam and
(b) Gaussian distribution approximation of the nanoparticles size

It is noteworthy that the number of detected nanoparticles reduced 15 % compared
to the 48 kV beam. That result, and the increase on mean size, suggest that the synthesis
with this higher energy favors growth and strongly coalescence. If this tendency is

confirmed, an increased beam energy leads to increased growth rates.

For the sample irradiated with 100 kVp beam, Figure 45(a) shows the actual image
obtained from the solution. These particles are well dispersed on the image, and no
aggregation was found. Figure 45(b) presents the nanoparticles detected on the image

by the method used. This image shows not only the good particle dispersity but also a

higher polydispersity.
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Figure 45 — TEM image obtained for size distribution analysis of the nanoparticles produ-
ced on the Titan x-ray tube with 100 kVp (a) original image; and (b) particle
analyzer image. Samples contained 3 mmol.L™! AgNO3 and 5 % wt NasCt

and were prepared by the microfluidic method

Figure 46(a) shows the size distribution of the particles from the former images.
As seen in the image, the size distribution is broad, with an average size of 4 + 3 nm and
77 % confidence (Figure 46(b)). The fact that both the mean size and the PSD increased
compared to the 60 kV beam suggests that increased energy and/or dose rate may favor

growth.
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Figure 46 — (a) Size distribution of the nanoparticles produced on the 100 kVp beam and
(b) Gaussian distribution approximation of the nanoparticles size

Finally, for the 160 kV beam, some nanometer sized agglomerates were found (like
the one in Figure 47(a)). These aggregates are a strong evidence of our hypothesis, that
the growth and/or agglomeration are favored by the increased energy and/or dose rate.

The size distribution is presented in Figure 47(b).
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Figure 47 — TEM image obtained for size distribution analysis of the nanoparticles produ-
ced on the Titan x-ray tube with 160 kVp (a) original image; and (b) particle
analyzer image. Samples contained 3 mmol.L~! AgNOj3 and 5 % wt NazCt
and were prepared by the microfluidic method

The particles in this sample are large probably due to the favored growth process
by employing higher dose rates and energy. Considering the quasi-spherical particles in
the surroundings, outside and /or embedded in the aggregate - the distribution presented a
well-defined mean value (Figure 48(a)). The PSD is analyzed on Figure 48(b). The value
obtained is 6 & 3 nm, with 96% of confidence.

These analyses led us to a strong hypothesis of the nanoparticle synthesis process
influenced by irradiation: as the energy and dose rate increase, the growth process becomes
more intense, leading to larger nanostructures. This could be a limitation on the use of
X-ray beams with higher energies, although the sensitivity observed for each voltage do

not vary significantly.
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Figure 48 — (a) Size distribution of the nanoparticles produced bt the 160 kVp beam and
(b) Gaussian distribution approximation of the nanoparticles size

4.6 Partial conclusions

The dosimeter based on silver nanoparticles (AgNP) was developed according
to one of the simplest reported reactions for the synthesis of AgNP. The silver nitrate
(AgNO3) was used as a silver precursor and the trisodium citrate (C¢Hs507Nag, or NagCt)
was employed as the reducing agent. Three techniques for the combination of the chemical
reaction followed by an irradiation process were developed. In the first one, the reactants
were mixed at room temperature before irradiation. In the second one, the reactants were
mixed at approximately 100 °C and then let to cool down to room temperature. In the
third one, the mixture occurred in a microfluidic reactor, in order to achieve a better

control on the physical parameters that could affect the synthesis process.

As a result, an absorption band was observed for the three methods, around 420 nm,
which is characteristic of silver nanoparticles. However, the first two methods could not
avoid the presence of a LSPR band even without irradiation, indicating the nanoparticle
formation during the chemical step. This is not desirable, because the dosimetric capability
will be compromised by a strong background signal in non-irradiated samples. The third
method was the one in which the absorbance from non-irradiated samples was absent while
the signal generated after irradiation was intense, indicating the expected better control of
the synthesis. This technique also provided the more sensitive dosimeter, and consequently
was adopted for the optimization studies. The highest sensitivity was obtained for [AgNO3]
= 3 mmol.L ™!, [NagCt] = 5%. The dosimeter was then irradiated with higher energy beams.
The sensitivity did not change upon varying the irradiation beam energy, indicating that

the dosimeter is viable to several beam qualities commonly used in clinical applications.

An unexpected result with the microfluidic approach was the viability of dosimetry
with silver nanoclusters. These clusters are probably an intermediate state before the

formation of the silver nanoparticles, playing the role of seed to the formation of the
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particles. The clusters were only detectable for samples produced by the microfluidic
approach, probably due to the better temperature and reaction time control allowed by
this method, avoiding the early formation of nanoparticles. The clusters were detectable
when the samples were irradiated with low doses (up to 2.5 Gy), providing two ways
to assess the radiation dose: UV-vis and fluorescence spectroscopies. By measuring the
absorbance in the LSPR, the sensitivity for the lower dose range (up to 2.5 Gy) was higher
than the obtained for the higher dose interval (up to 50 Gy): (5.8 versus 2.1 x 1073
a.u./Gy), with MDD of 1 Gy, and decreased background, evidencing the importance of
the microfluidic route implemented here. By fluorescence spectroscopy, a sensitivity of 3.4
+ 0.5 a.u./Gy was achieved for the 0.25 to 0.75 Gy dose range with a MDD = 0.25 Gy,

even lower than the obtained for UV-vis spectroscopy.



Dosimetry based on the synthesis of
gold nanoparticles

In this chapter, the main results on the radiation-induced synthesis of gold na-
noparticles will be presented and discussed. In the first section, a synthesis developed
for ~-ray dosimetry will be verified for dose assessment with x-ray beams. In the second
section, the influence of synthesis parameters on the absorbance intensity and particle size
distribution will be studied. Finally, the applicability of that synthesis for other energies

will be evaluated.

5.1 Developing the synthesis route

The synthesis is based on the reduction of gold ions by ascorbic acid from trivalent
to monovalent forms and then, the reduction to the neutral form upon irradiation with
x-rays. In the first step, the gold precursor (chloroauric acid - HAuCly) was mixed with
CTAB. The latter is responsible to template the former, and to provide the ionic changing,
from CI™ to Br~. Finally, the ascorbic acid is used to partially reduce the ions before
the irradiation. Figure 49 presents how the solution change as each step is realized. The
yellow sample (a) corresponds to the solution after the mixture of the precursor and the
CTAB. As the ascorbic acid is added, the solution change from yellow to colorless (b) and
then, when irradiated, the sample acquires the purple color (¢), which is characteristic of

gold nanoparticles

The first experiments were concerned with the synthesis control and with the
verification of the viability for irradiation with x-rays. A peak on approximately 510 nm
is found when the samples are irradiated with gamma rays but, since we employed X-rays
(i.e., lower energy), a change on the peak position could be expected. To verify this, two
solutions were produced. The first one is composed by the gold precursor and CTAB

(Figure 49 (a)). The second one is composed by these two components and the ascorbic
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Figure 49 — Variation of the samples color after (a) mixture with CTAB; (b) addition of
AA; and (c) irradiation with the 48 kVp X-ray beam

acid (Figure 49 (b)). Both the samples had its absorbance spectra measured and were
irradiated with 50 Gy, at 2.054 Gy/min.

Figure 50 shows how the spectra of each solution changed before and after the
irradiation. The yellow solution (without ascorbic acid) barely changed, and the obtained
spectra were very similar. This happened because the direct reduction of Au*3 to Au® is
very difficult and must not occur with the low dose employed. The solution with ascorbic
acid (i.e., the one where the reduction occur from Au*3 to Au*!) changes drastically after
irradiation, result in in a pronounced peak at 550 nm, characteristic of gold nanoparticles.
The position of the peak for these nanoparticles is redshifted in relation to the reported
nanoparticles irradiated with v-rays (48) (which peak is at 510 nm). In this case, the
redshift may indicate that larger nanoparticles were produced upon x-ray irradiation
(97, 98).
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Figure 50 — Spectral variations upon irradiation of the samples containing (a) HAuCl, 10

mmol.LL.™! and CTAB 50 mmol.L.™!; and (b) HAuCl; 10 mmol.L=*, CTAB 50
mmol.L™! and AA 10 mmol.L ™!
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5.2 Optimizing synthesis parameters

Since nanoparticle formation is also possible upon x-ray irradiation it is important
to verify the influence of the chemical and the irradiation parameters on the UV-vis spectra.
To avoid a high consumption of the gold precursor, these experiments were carried out
before the dosimetry tests. Once the best conditions are found, it would be able to study

the use of this device for different doses.

5.2.1 Optimizing the gold precursor concentration

The concentration of HAuCl, was varied between 1 and 10 mmol.L~'. All the other
reactants concentrations were kept constant. For each Au concentration, the absorbance
spectra and PSD were recorded. Figure 51(a) presents the spectra obtained for each con-
centration after a 50 Gy irradiation whereas Figure 51(b) depicts the maximum absorbance
of the SPR peak. These figures reveal an increased absorbance as the concentration of
HAuCly increases, suggesting that more nanoparticles are produced when more gold is

available.
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Figure 51 — Variation of the intensity of SPR band over change on gold precursor concen-
tration (a) absorbance curves and (b) maximum absorbance on LSPR band.
CTAB was kept in 50 mmol.LL.~! and ascorbic acid was used in 10 mmol.L~!

Figure 52(a) depicts the PSD and Figure 52(b) the average particle size obtained
for each precursor concentration. The particle size diminishes upon increasing the Au
concentration, probably because more gold ions are simultaneously reduced to Au®, thereby
favoring nucleation over growth. In this sense, more gold seeds will be available and,
consequently, a larger quantity of particles will be formed, resulting in a rapid consume of

the precursor and, consequently, smaller particle size.
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Figure 52 — (a) Size distribution of the nanoparticles produced, for each HAuCl, concen-
tration; (b) Average particle size as a function of HAuCly concentration

5.2.2 Optimizing the ascorbic acid concentration

The ascorbic acid concentration was varied between 2 and 10 mmol.L ™. Figure
53(a) presents the spectra, and Figure 53(b) depicts the LSPR intensity for each AA
concentration, revealing an increased absorbance upon increasing AA concentration,

probably because the gold ions will be more likely to be reduced to Au®.
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Figure 53 — (a) Absorption spectra of the nanoparticles, for each ascorbic acid concentra-
tion; (b) Maximum absorbance for each AA concentration. HAuCl, was used
in 10 mmol.LL7!, while CTAB was used with 50 mmol.L~*

Figure 54 reveals that the particle sizes decrease by increasing the AA concentration,
in agreement with blue-shift observed in Figure 54(a). The particle size reaches a minimum
value for a 6 mmol.L=! AA concentration. After that, further increase in AA concentration

does not alter the particle sizes.
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Figure 54 — (a) Size distribution of the nanoparticles produced, for each ascorbic acid
concentration; (b) Variation of mean size with AA concentration

5.2.3 Optimizing the dose rate

The concentrations of the gold precursor and the ascorbic acid were kept at 10
mmol.L ™! and the dose rate was varied from 0.274 to 3.254 Gy/min. To this end, the
distance between the beam and the sample was varied from 3 to 15 cm. Figure 55(a)
presents absorbance spectra for the different dose rates employed. Figure 55(b) reveals

that the absorbance increases when the dose rate is increased.
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Figure 55 — (a) UV-vis spectra of the nanoparticles irradiated with the same radiation
dose and energy, but under different dose rate; (b) Absorbance as a function
of the dose rate

This result evidences the influence of the reduction rate on the nanoparticle
formation. With more gold ions being simultaneously reduced, nucleation is favored and,
consequently, more nanoparticles will grow. As a consequence, smaller particles should
be formed, which is corroborated by the blue-shift upon increasing the dose rate, as
observed in Figure 55(a). In the same sense, when the dose rate is lower, growth become
more significative, leading to fewer particles of larger sizes. The reduced concentration

of particles along with their larger sizes could drastically and synergistically reduce the
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nanoparticles extinction coefficient, thereby explaining the abrupt absorbance reduction
detected for the sample irradiated with the lowest dose rate (0.274 Gy/min), as observed
in Figure 55(b)

This hypothesis is supported by the DLS results ( Figure 56). When low dose
rates are employed, larger nanoparticles are formed, indicating that the growth process
predominates. Similarly, when high dose rates are used, the nanoparticles get smaller, as
the nucleation process predominates over growth. The PSD also explains the shift in the
absorbance peak for each dose rate: as the nanoparticles increases, the respective LSPR,
band shifts to red. This result is in agreement and reinforced the ones observed in the

case of silver nanoparticles (section 4.3.3).
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Figure 56 — (a) Particle size distribution of the nanoparticles produced under different
dose rate; (b) Average particle size as a function of the dose rate

5.3 Application of the synthesis for different

beam energies

Since the synthesis was verified to work with x-rays in tubes operating with tens of
kilovolts, the industrial x-ray source was used to analyze how the voltage (energy) can
impact the gold nanoparticles formation. The concentrations of all the precursors were

used as on the first experiments. The voltage was changed from 60 to 160 kV (Table 2).

Figure 57 presents the absorption spectra for each energy and the respective
maximum LSPR band. As expected, the LSPR band intensity increases upon increasing
the beam energy, since the dose rate will also be augmented. The blue shift with the
increasing energy is also verified, in agreement with the previous results. Finally, the

maximum absorption (Figure 57(b)) were well-adjusted to a quadratic model.
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Figure 57 — (a) Absorption spectra of the nanoparticles, for each tube voltage; (b) Maxi-

mum absorbance for each tube voltage

Figure 58 presents the results for the DLS measurements. The expected behavior

was a decreased mean size as the energy increases, which would support our previous

results. However, an increase in the size was observed for the voltages up to 100 kV. Also,

the function is not well completely fitted by any model (the polinomial fit exemplifies

that). In this case, that behavior might be influenced by the impact of the tube voltage

on nucleation and growth. For voltages up to 100 kV, the nucleation rate is probably

increasing but the growth is predominant. As the tube voltage increases (and so do the

dose rate), the nucleation becomes predominant and, as more nuclei are formed, their

growth is limited, which could explain the decreased mean size.
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Figure 58 — (a) Size distribution of the nanoparticles produced, for each tube voltage; (b)
Variarion of mean size with the tube voltage

5.4 Dosimetry with gold nanoparticles

As the synthesis of gold nanoparticles mediated by radiation was studied and the

influence of each parameter was verified, we were able to measure dose with this sensor.
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5.4.1 Dosimetry with the beam from the Magnum

X-ray source

The dosimetric measurements were first carried out with the samples irradiated
with the Magnum 48 kVp source. The dose was varied from 0 to 50 Gy. Figure 59 reveals
that LSPR band is detected for doses as low as 0.5 Gy and its intensity increases up to 5
Gy, reaching a plateau after that. Also, it is worth noting that the position of the band

did not significantly change, suggesting that particle size is kept constant.
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Figure 59 — (a) UV-vis spectra of the nanoparticles, for each dose; (b) Absorbance as a
function of dose

Figure 60 present the size distribution for each dispersion (i.e., for each dose),

obtained with DLS measurements.
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Figure 60 — (a) Size distribution of the nanoparticles produced, for each dose, on the
Magnum source; (b) Variation of mean size with the dose

Figure 60 confirms that, in fact, nanoparticles size did not significantly change as a
function of dose, in agreement with the UV-vis results. The average size is confined in a

10 nm interval and, even with a approximately linear relationship, this variation is not
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significant, since the bands width are on the same order. The size distributions for doses
lower than 5 Gy are not presented but also did not constitute any relationship with the
dose. This suggests that the average size of the nanoparticles produced on this approach

could be controlled only for doses higher than 5 Gy.

5.4.2 Dosimetry with the beam from the Titan x-ray
tube

As the 160 kVp beam provided the highest absorbance, it was the voltage chosen to
construct the dose response curve. The dose was varied from 0 to 50 Gy. Figure 61 depicts
a shift to lower wavelengths when the dose increases, evidencing the influence of the dose
on the nanoparticles size distribution. However, linearity is compromised at higher doses.
Therefore, the radiation dosimetry is possible only for doses up to 10 Gy, with saturation
occurring for 25 and 50 Gy. The sensitivity is higher for this beam than for the obtained
with the Magnum source (0.07 versus 0.03 a.u./Gy), probably due to the higher dose rate.
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Figure 61 — (a) Absorption spectra of the nanoparticles, for each dose, on the industrial
tube; (b) Maximum absorbance for each dose

Figure 62 indicates that the size of the nanoparticles actually changes when they
are irradiated with different doses. Again, the size variation for the lower doses did not
vary in a correlated way. However, the mean size could be an alternative parameter to infer
the radiation dose for the higher dose interval (10 to 50 Gy), although with a non-linear

behavior, as seen in Figure 62(b).
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Figure 62 — (a) Size distribution of the nanoparticles produced, for each dose, on the Titan
tube; (b) Variation of mean size with the dose

The variation for the Titan tube is notably higher than the obtained for the
Magnum source. While the former has a variation on the order of 100 nm, the difference
on the latter between the distributions for 5 and 5 Gy is approximately 10 nm. This
suggests that, at the lower energy beam, the nucleation rate is not particularly affected by
the total dose absorbed by the dispersion, while it plays a major hole for the higher energy
beam. Thus, it seems that the Titan tube leads to more nanoparticles being synthesized.

The absorbance for

5.5 Partial conclusions

The dosimeter based on the gold nanoparticles (AuNP) was developed inspired on
a recent work (50). The chloroauric acid (HAuCly) was the gold precursor, ascorbic acid
(CeHgOg, or AA) was the reducing agent and CTAB was a template for the formation of
the AuNP. The solution was mixed and irradiated at room temperature with doses up to
50 Gy. Firstly, the effectiveness of this approach was evaluated to x-rays, proving to be

effective.

The next step consisted in verify the influence of the chemical and the irradiation
parameters on the absorbance spectra and on the size distribution. The absorbance
intensity was directly and the nanoparticle size inversely proportional to the concentration
of both tested chemical components, which was attributed to a possible predominance
of nucleation over growth. Thereafter, the synthesis was tested for other beam energies,
confirming the previous analysis. As the voltage increases, the dose rate augments,
generating more particles of smaller sizes, as pointed by the UV-vis (increased absorbance)

and DLS (reducted particle size) results.

Finally, the dose response curve presented a linear behavior with the dose. However,
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this linear tendency occurs only for doses up to 5 Gy, for the 48 kVp beam, with a sensitivity
of 0.03 a.u./Gy, and up to 10 Gy for the 160 kVp beam, with 0.07 a.u./Gy sensitivity. This
is an evidence of a tunable sensitivity according to the beam energy. More importantly,
this result suggests that the inflection point of the dose response curve may be used
to assess the radiation beam energy. Future experiments will be done to confirm this
hypothesis. The size distribution of the nanoparticles was analyzed for doses from 5 to
50 Gy, being weakly changed by 48 kV beam, but strongly affected by the 160 kV beam,

providing an alternative parameter to infer the radiation dose.



General conclusions

In this work, we investigated the application of nanoparticles for dosimetry of
ionizing radiation and how the synthesis of these structures could be related to the absorbed
dose during the process. We developed methods for synthesis of nanoparticles in which the
radiation plays a key role to synthesize the particles. The main challenge was controlling
the nanoparticle formation process in order to efficiently create conditions to allow that
the radiation was the major factor of the synthesis while avoiding the early formation
of the particles due to chemical reactions on the precursor solutions. Once we reached
this control, the dosimeter could be developed. The dose dependence was established in
terms of the surface plasmon resonance (SPR) band, characteristic of metal nanoparticles,
such as gold and silver. Therefore, the main idea was to develop a dosimeter based on the

reading of the absorbance intensity generated by the SPR phenomena.

The dosimeter based on silver nanoparticles (AgNP) was developed with silver
nitrate as the metal precursor and trisodium citrate as the reducing agent. These reactants
were used in a combination of one chemical and one radiolytic step. Three techniques
for the combination of the chemical reaction with an additional irradiation process was
developed, based on the presence of a heating and cooling processes during the chemical
reaction. An absorption band at 420 nm was observed for irradiated samples produced
by the three methods, which is characteristic of silver nanoparticles. The third method
employed two microreactors to quickly heat and cool and allowed the best results: absent
absorbance before irradiation and an intense signal after irradiation. This technique also
provided the more sensitive dosimeter. The sensitivity did not change upon varying the
tube voltage, indicating that the dosimeter could be viable to beam energies commonly

used in clinic applications.

A unexpected result with the microfluidic approach was the possibility of dose
assessment with silver nanoclusters besides the silver nanoparticles. The nanoclusters
are probably the intermediate state before the silver nanoparticle growth, and was only

observed when the microfluidic synthesis was used. They were formed for low doses (up to
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2.5 Gy) and provided two ways to infer the radiation dose: by absorption spectroscopy,
due SPR, and by fluorescence spectroscopy, due to internal electronic transitions in the

clusters.

The dosimeter based on the gold nanoparticles (AuNP) was developed with chlo-
roauric acid as the gold precursor, ascorbic acid (AA) as the reducing agent and CTAB
as a template for the formation of the AuNP. The solution was mixed and irradiated at
room temperature with doses up to 50 Gy. The technique proved to be effective, with the
ascorbic acid being a major factor. Then we turned to verify the influence of the chemical
and irradiation parameters on the absorbance spectra and on the size distribution. The
observed behavior was attributed to the generation of a lot of seeds, which compete against
the growth of the already formed clusters. Then, the synthesis was tested for other beam
energies, in which our previous analysis was confirmed. The increase on tube voltage, for
a given dose, led to an increase on the absorbance intensity accompanied by a decrease
on the mean size of the particles, by favoring the nucleation over the growth. Once the
synthesis was studied, the dosimeter based on absorbance intensity was developed. The
signal increased linearly with the dose, indicating more nanoparticle formation. We have
found an evidence of a tunable sensitivity according to the energy of the beam, which
may be accounted in order to achieve a good measurement. The size distribution of the
nanoparticles was analyzed for doses from 5 to 50 Gy. Its value is weakly changed by the
48 kV beam, but strongly affected by the 160 kV one, providing an alternative way to

measure dose with this approach.
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