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Abstract

Over last few years, the rapid growth of optical technologies for biomedical imaging makes possible to
reveal important biological information of tissues from light-tissue interaction. The emerging interest on
new biomedical imaging techniques is motivated by the necessity to detect malignant cells and other
diseases at early growth stages. The limited penetration depth of optical energy in biological media is
primarily due to the high level of optical scattering. In addition, the diffusion of light in biological tissues
limits the spatial resolution of the images acquired. The optoacoustic technique overcomes these issues
combining the high contrast of optical imaging with the high spatial resolution of ultrasound systems in
deep tissues. As well, the low scattering of the ultrasound waves produced in the biological tissues
facilitates the acquisition of high-resolution images.

Two more important aspects to be considered in optoacoustic applications for a functional imaging are the
use of optical contrast agents to increase the absorption of optical energy in those areas where the
scattering is dominant, and the amount of optical energy delivered by laser sources to penetrate in depth.
The necessity of compact and cost-effective laser sources with the characteristics required by optoacoustic
applications has encouraged the studies presented in this thesis, proposing the use of high-power diode
lasers instead of the classical solid state lasers.

Generally, solid-state lasers like Nd:YAG and optical parametric oscillators are used for the generation of
optoacoustic signals, but their use in clinical environment is limited by their high costs, low repetition rates
and bulky sizes. On the other hand, high-power diode lasers emerge as a potential alternative, due to their
relatively low costs, high repetition rates required for fast image acquisition and compact sizes. However,
the power of high-power diode lasers is still relatively low compared to solid-state lasers and for this
reason they need to be combined in arrays to reach the amount of the optical power required for
optoacoustic applications.

An optoacoustic setup based on small arrays of high-power diode lasers has been implemented and
improved along the studies presented in this thesis. Optoacoustic experiments have been performed at
different wavelengths using several kinds of absorbers hosted in a quartz cuvette or embedded within a
phantom that simulates the optical scattering of a soft tissue. Solutions of carbon nanotubes, graphene
oxide and gold nanorods have been used as absorbers in the experiments. The first experiments done in
free space to focus the light in the absorbers have been improved by using optical fibers in a second stage.

Lastly, some commercially available diode laser bars have been proposed to replace the high-power diode
lasers with the aim to increase the optical power for future implementations in the optoacoustic systems.
Optical simulations have demonstrated the possibility to focus the beam of diode laser bars operating at
different wavelengths into optical fibers by means of cylindrical microlenses. In a second step, the diode
laser bars have been assembled together to simulate a multi-wavelength system. The beams have been
combined by dichroic mirrors and focused in a multi-mode optical fiber. This research work has opened up
new lines of investigation in the development of high-power laser sources for optoacoustic endoscopy and
tomography in biomedical applications.
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Resumen

Durante los tltimos afios, el rapido avance de las tecnologias opticas para la obtencion de imagenes
biomédicas hace posible revelar importantes informaciones bioldgicas a partir de la interaccion entre la luz
y el tejido. El interés emergente en nuevas técnicas de obtencion de imagenes biomédicas esta motivado
por la necesidad de detectar células malignas y otras enfermedades durante las etapas precoces de
evolucion. La limitada profundidad de penetracion de la energia optica en medios biologicos se debe
principalmente al alto nivel de dispersion optica. Ademas, la difusion de la luz en los tejidos bioldgicos
limita la resolucion espacial de las imagenes adquiridas. La técnica optoacustica sobresale estos problemas
combinando el alto contraste de la imagen Optica con la alta resolucion espacial de los sistemas de
ultrasonido en los tejidos profundos. Asimismo, la baja dispersion de las ondas ultrasonicas producidas en
los tejidos biologicos facilita la adquisicion de imagenes de alta resolucion.

Dos importantes aspectos a considerar demas en las aplicaciones optoacusticas para una imagen funcional
son el uso de agentes de contraste Optico para mejorar la absorcion de energia optica en aquellas areas
donde la dispersion es dominante y la cantidad de energia Optica suministrada por las fuentes laseres para
penetrar en profundidad. La necesidad de fuentes laseres compactas y de bajo coste con las caracteristicas
requeridas por las aplicaciones optoacusticas ha impulsado los estudios presentados en esta tesis,
proponiendo el uso de diodos laseres de alta potencia en lugar de los clésicos laseres de estado solido.

Generalmente, los laseres de estado solido como el Nd:YAG y los osciladores Opticos paramétricos se
utilizan para la generacion de sefiales optoacusticas, pero su uso en el ambiente clinico esta limitado por
sus altos costes, bajas frecuencias de repeticion y tamafios voluminosos. Por otro lado, los diodos laseres
de alta potencia emergen como una potencial alternativa, debido a sus relativamente bajos costes, altas
frecuencias de repeticion requeridas para una rapida adquisicion de imagenes y tamafios compactos. Sin
embargo, la potencia de los diodos laseres de alta potencia es todavia relativamente baja en comparacion
con los laseres de estado solido y por esta razon se necesita combinarlos para conseguir la cantidad de
potencia Optica requerida para las aplicaciones optoacusticas.

Un sistema optoacustico basado en diodos laseres de alta potencia ha sido implementado y mejorado a lo
largo de los estudios presentados en esta tesis. Se han realizado experimentos optoacusticos a diferentes
longitudes de onda utilizando varios tipos de absorbentes colocados en cubeta de cuarzo u hospedados
dentro de un “phantom” que simula la dispersion optica de un tejido blando. Soluciones de nanotubos de
carbono, 6xido de grafeno y nanoparticulas de oro se han utilizado como absorbentes a lo largo de los
experimentos. Los primeros experimentos realizados en espacio libre para enfocar la luz en los absorbentes
se han mejorado mediante el uso de fibras dpticas en una segunda etapa.

Por ultimo, se han propuesto barras de diodos laseres comercialmente disponibles para sustituir los diodos
laseres de alta potencia con el objetivo de aumentar la potencia optica para futuras implementaciones en los
sistemas optoacusticos. Las simulaciones opticas han demostrado la posibilidad de enfocar el haz emitido
por barras de diodos laseres de diferentes longitudes de onda en fibras Opticas por medio de microlentes
cilindricas.
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En una segunda etapa, las barras de diodos laseres han sido ensambladas en un Unico sistema para simular
un sistema de multiples longitudes de onda. Los haces han sido combinados por medio de espejos dicroicos
y enfocados en una fibra Optica multimodo. Este trabajo de investigacion ha abierto nuevas lineas de
investigacion en el desarrollo de fuentes laser de alta potencia para la endoscopia optoactstica y la
tomografia en aplicaciones biomédicas.
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Chapter 1

Introduction

1.1.Introduction

The optoacoustic effect was first reported by Alexander Graham Bell and Summer Tainter in 1880 [1].
Later, Bell stated “...sonorousness, under the influence of intermittent light, is a property common to all
matter” [2]. Almost 120 years after his original discovery, optoacoustic signal generation has found a
wide range of applications in different fields for material characterization of solids [3], liquids [4] and
gases [5, 6]. During the last 20 years, the use of optoacoustic techniques for biomedical applications has
inspired a growing interest in the scientific community [7-14]. This is due to persistent demand, within
the biomedical field, for real time, effective and minimally invasive (or completely non-invasive)
diagnostic procedures which provide efficient therapeutic procedures. A quantitative analysis of the
optical properties of biological tissues provides essential physiological information required for effective
diagnosis.

Up to the present time, the most commonly used methods to determine the optical properties require
invasive procedures and in-vitro techniques based on spectrophotometry [15], reflectance [16],
fluorescence spectroscopy [17], Raman spectroscopy [18] and optoacoustics [19]. The principal reason
for this in-vitro quantification is due to the high optical scattering of the tissue that surrounds the sample
of interest. The potential benefits of an in-vivo non-invasive technique would be significant and helpful to
speed up the therapeutic response times. Absorption and scattering are the two physical phenomenons
that affect light propagation in biological media. Although both parameters are important, scattering is the
dominant mechanism in healthy soft tissues [20], where the absorption is relatively low. The optical
absorption in biomaterials is wavelength dependent [21]. This is because the absorption spectrum of
tissue chromophores depends on their molecular composition: molecules absorb photons when the
photons energy matches an interval between internal energy states.

In-vivo quantification of the spectral characteristics of tissue chromophores has been performed using
Diffuse Optical Spectroscopy (DOS). This technique can simultaneously measure both light absorption
and scattering in turbid media and biomaterials [22-26]. Generally, DOS technique is carried out within
the visible range or near-infrared (NIR), and more specifically in diagnostic optical window, which
contains the most important chromophores. DOS provides information regarding the concentration of
functional tissues, hemodynamics, water content, and lipids. Clinical trials using this technique for breast
cancer detection have reported a penetration depth in the order of 1 cm [27]. These procedures are based
on the detection of the amplitude and phase of modulated and highly attenuated optical signals using high
sensitive optical detectors. The optical attenuation of healthy tissues, where multiple events of scattering
occur, is the main obstacle to the penetration depth, thus limiting the use of DOS technique [27].



Optoacoustic tomography (OAT), also known as photoacoustic tomography (PAT) [28, 29], is an
emerging modality of biomedical imaging that allows minimally invasive (or completely non-invasive)
visualization and quantification of soft tissues by using non-ionizing radiation. One of the major
advantages of this method over the classical diagnostic techniques is the use of ultrasound generated with
laser radiation that suffers from low scattering, thus allowing penetration depths of several centimeters in
biological tissues [30]. OAT is a hybrid modality that is considered a valid alternative to the techniques
commonly used for early stage cancer detection, since it combines the high contrast and spectroscopic
specificity of the optical imaging techniques with the high spatial resolution of the ultrasound systems in
deep tissues.

In fact, in OAT the light scattering does not affect the image resolution that instead is correlated to the
characteristics of the optoacoustic signal. On the other hand, the power/energy losses due to the turbidity
of the tissue are responsible for light and optoacoustic signal attenuation. For this reason, laser sources
able to provide high energy per pulse (~ mJ) are required for optoacoustic techniques. OAT allows the
visualization of optical contrasts in tissues between a few millimeters to several centimeters with typical
resolutions of ultrasound techniques (i.e. ~10 um to ~ 1 mm). As a consequence, OAT permits better
tissue specificity if compared to the typical ultrasound techniques, thus allowing the detection of
hemoglobin, lipids, water and other endogenous chromophores [7, 8]. Numerous studies have
experimentally investigated the laser-excited OAT to detect chromophores within turbid tissues with
different optical properties [31-37].

During the last few years, OAT has been increasingly employed in biomedical applications involving
blood vessels visualization and blood oxygenation assessment [21], breast tumor detection [38-40], small
animal imaging [41] and functional imaging [42]. Non-invasive in-vivo trials on the visualization of the
dynamic and functional properties of the nervous system on rat models have been reported [41]. Clinical
trials using OAT were capable to visualize 18 over 20 malignant lesions, suspected from mammography
or ultrasound images, which were posteriorly confirmed after biopsy [43]. In addition, whole-body 3D
imaging of mice has been demonstrated [44, 45]. In clinical applications requiring high resolution images
of deep tissues, the optoacoustic techniques can only be used in combination with endoscopic techniques,
due to the high optical attenuation of tissues.

OAT relies on the contrast between the optical absorption properties of a cancer tissue and the
surrounding healthy tissues. For early cancer detection during the vascularization process, commonly
referred to as angiogenesis, the optical properties of healthy and unhealthy tissues are similar, thus
impeding the detection process [46, 47]. The presence of carcinomas and harmful microorganisms can be
revealed with the support of nontoxic biodegradable contrast agents, whose absorption properties are
prominent in the “diagnostic window” spectral range (600-1200 nm) where the biological tissues are
relatively transparent [48, 49]. The main role of the optical contrast agents targeted to cancerous tissues is
to significantly improve the optoacoustic signal detection by increasing the absorption of the laser energy
[50-52]. Several in-vivo studies using gold nanorods have been performed on rats and have demonstrated
a significant increase of image contrast [53-55].

Most OAT systems generally utilize expensive and bulky lasers for optical excitation, such as passively

Q-switched Nd:YAG lasers. Moreover, to realize functional imaging, complex wavelength-tunable laser
sources are usually employed with additional instruments, such as Ti:sapphire or dye lasers, or optical
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parametric oscillators (OPOs). Pulsed high-power diode lasers (HPDLs) are very attractive for OAT
applications due to their low cost, small size, high repetition rates, high efficiency, and compatibility with
optical fibers, which enable reduction of optoacoustic instrumentation to a portable size [56-62]. Due to
the danger of catastrophic degradation to laser facets, diode lasers suffer from peak power limitation,
typically in the range of ~ 100-200 W, which limits the energy per pulse in the ns range to a few tens of
uJ, compared to mJ level in the case of Nd:YAG lasers. This in turn limits the strength of the optoacoustic
signal and the depth of three-dimensional OAT, and requires averaging over thousands of optoacoustic
signals in order to achieve signal-to-noise ratios comparable to those produced by Nd:YAG lasers. One
possible solution to this problem is to use combined power from synchronized multiple HPDLs [63, 64].
Initially, multiple HPDL sources were used for generating the optoacoustic response of ink samples in a
biological phantom [63] and in blood vessel phantoms [58]. Recent implementations include utilization of
diode laser stacks, with pulse energies exceeding 0.5 mJ, sufficient to perform in-vivo imaging of human
vasculature [65-66]. An additional advantage of diode lasers is that they are available in a wide range of
wavelengths, which is important for multiwavelength applications, for example in spectroscopic
quantification of specific tissue chromophores such as oxygenated and deoxygenated hemoglobin [67], as
well as in contrast agent analysis [68].

The research work presented in this thesis is dedicated to the design of an optoacoustic system based on
high-power pulsed laser sources. Small arrays of HPDLs operating at 870 nm and 905 nm are combined
side-by-side to generate optoacoustic signals from different absorbers (i.e. ink, carbon nanotubes,
graphene oxide nanoparticles, and gold nanorods) embedded in quartz cuvette or phantom. These
absorbers are chosen for their capability to be used as contrast agents in optoacoustic applications. Their
geometrical and optical properties will be presented in this thesis. As first approach, the HPDLs are
combined in a semicircular configuration focusing their beams in the absorbers. Successively, the beams
of the HPDLs are combined and coupled to multimode optical fibers that are joined together in a 675-um
fiber bundle. The output of the fiber bundle illuminates the samples under test. In the last experiment with
gold nanorods, a third wavelength (i.e. 972 nm) will be added to the optoacoustic system. The choose of
optical fibers as beam coupling media is due to their capability of transmitting light at any distance, but
also to their potential use in optoacoustic endoscopy (OAE). OAE is a novel biomedical imaging
technique that allows OAT using a small probe to image the internal organs of the body [69-73]. Some in-
vivo endoscopic imaging applications are early-stage detection of tumors [74], lipid detection [75, 76],
gastroenterology, fetal medicine, and vascular interventional radiology [77, 78].

The high penetration depths and the high optical scattering of biological media require the use of
powerful laser sources to generate sufficiently high optoacoustic signals. HPDLs should be combined in
very large arrays to emit the same power levels of solid-state lasers, making the system bulky and
expensive. In this regard, the use of alternative diode lasers sources would be necessary to overcome these
limitations. Diode laser bars (DLB) are devices composed of large arrays of diode laser emitters, which
are able to emit optical peak power of several hundreds of Watts. They are much more compact than
HPDLs because they consist in a large number of emitters (normally 25-60) gathered in a small space (~ 1
mm), but require complex optical lenses for beam shaping. In the last part of this thesis it will be shown
the modeling of some commercially available high-power DLBs by using the software Zemax. Their
emission wavelengths lie in the near-infrared spectrum (i.e. 808 nm, 880 nm, 910 nm, 940 nm, and 980
nm). Their beams are efficiently coupled into 400-um optical fibers by using optical microlenses taken
from catalogue. Finally, the DLBs are simulated all together in a single design where their optical beams
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are first collimated, and after combined in a single beam that is focused into a 400-pum optical fiber. As a
result, it will be discussed the capability of this assembled system to be applied in real optoacoustic
applications, such as OAE.

Chapter 2 will present the conceptual background related with the light propagation in biological tissues
and the generation of optoacoustic signals. This includes a study of optical energy propagation in
attenuating media, discussing the concepts of optical absorption and scattering, and the process of optical
to acoustic energy conversion. The conditions required for efficient generation of optoacoustic signals,
which is based on the thermoelastic expansion caused by the optical absorption, will be introduced. In
addition, the temporal and spectral characteristics of the acoustic transients produced by optical
absorption and their propagation in the media will be described.

In Chapter 3, the optical properties of some nanoparticle structures will be presented for a successive
optoacoustic application in Chapter 4: carbon nanotubes, graphene oxide and gold nanorods. It will be
remarked how the gold nanorods are the most suitable candidates for optoacustic applications, since they
exhibit high absorption peaks in the NIR range, depending on their geometrical characteristics.

In Chapter 4, the nanoparticles presented in Chapter 3 are applied in optical phantoms for optoacoustic
measurements performed with the HPDLs-based setup that has been designed. Finally, different mixtures
of gold nanorods solutions hosted in quartz cuvette are used to estimate their absolute concentrations from
the optoacoustic signals detected at 870 nm, 905 nm and successively at also 972 nm.

Finally, in Chapter 5 it will be discussed the importance to achieve high optical energy levels for
optoacoustic applications. In this regard, the last work presented in this dissertation concerns the
modeling of a multi-wavelength design (i.e. 808 nm, 880 nm, 910 nm, 940 nm, and 980 nm) based on
high-power diode laser sources (i.e. diode laser bars) for beam coupling into optical fibers with small core
diameter (i.e. 400 um). In this regard, it will be remarked that one potential application of diode laser bar
sources is OAE that requires a non-invasive inspection of the human body.

1.2. Research project

This research has been financed by OILTEBIA project (Optical Imaging and Laser TEchniques for
Blomedical Applications), coordinated by Prof. Horacio Lamela Rivera, which was an Initial Training
Network (ITN) funded by the European Community Seventh Framework Programme, Grant Agreement
Number 317526.



Chapter 2

Optical propagation in tissues and
optoacoustic signal generation

2.1. Introduction

The basic concepts related to the generation of acoustic transients from absorbing media excited by short
optical pulses will be examined in this chapter. It will be shown how the properties of the optoacoustic
signals are a consequence of the wavelength-dependent optical attenuation of the medium being
irradiated. To fully understand the process of optical to acoustic conversion of embedded absorbers, such
as biological abnormalities (i.e. cancers or arteriosclerotic plaques) surrounded by healthy tissues, it is
essential to comprehend the light interaction with such medium.

The two main physical phenomena affecting the light propagation in media will be presented. The
fundamental parameters related with each process will be defined and used to describe the nature of
diffuse optical transmission in soft biological media. The objective of this review is necessary to
introduce the mechanisms behind the generation of the optoacoustic signals that will be applied in
Chapter 4, in which several experiments performed with different kinds of nanoparticles are described.

It will be shown that the optical properties of a medium have a crucial role in the determination of the
conditions required for an efficient conversion from optical to acoustic energy. In addition, an analysis of
both the temporal and spectral properties of the acoustic transients generated will be presented. It will be
shown how the acoustic wave propagation takes place from the point of generation to the surface of the
tissue where they are detected.

Finally, this chapter concludes with a description of the most commonly used short pulsed laser sources
used in optoacoustic biomedical applications.

2.2. Optical propagation in turbid media

Light attenuation in biological media is mainly caused by their absorption and scattering properties that
are wavelength dependent. In this section, the mechanisms behind the aforementioned phenomena will be
discussed. In order to understand the light propagation in biological media, an analysis of the coefficients
of absorption and scattering will be presented, including a description of the diffusion related to the
optical propagation in biological tissues, which present multiple scattering events.

2.2.1. Optical absorption: light-matter interaction

The absorption of electromagnetic radiation is the process in which the energy of a photon is transmitted
in the matter. The process of absorption produces the transition of an electron, atom, or molecule, to an
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excited state (i.e. with higher energy level). For absorption to take place, the energy of a photon E = hv,
must be equal to the difference between two energy levels of an atom or molecule (Fig. 2.1).

Excited state
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Figure 2.1. Jablonski energy level diagram showing the different kinds of transition from the ground state to
the possible excited states caused by photon absorption [79].

When an excited electron relaxes, there are several routes that it can follow to the ground state. The
excited electron may relax to the ground state and generate another photon, producing fluorescence or
phosphorescence which depends on the lifetime of the excited electron, or it may convert into heat in a
process known as non-radiative relaxation. In Figure 2.1, a Jablonski energy level diagram explaining the
different transitions between energy states is presented [79]. The energy states can be grouped into two
broad categories, singlet states and triplet states. In singlet states all of the electrons in the molecule have
their spins paired, while in triplet states one set of electron spins is unpaired. Triplet states and singlet
states differ significantly in their properties as well as in their energies. A triplet state will always have
lower energy than its corresponding singlet state. In Figure 2.1 it may be seen that fluorescence is a
process composed of three events with different timescales [79]. The excitation of a photon takes place in
femtoseconds (~10" s) that is a relatively short time if compared with other electronic and nuclear
processes. The internal conversion is a vibrational relaxation to the lowest vibrational energy level in the
excited state that takes place in the order of picoseconds (~10"% s) and does not result in the emission of a
photon (i.e. nonradiative). Fluorescence emission takes in the order of nanoseconds (~10” s). The
phosphorescence process is similar to fluorescence, but the molecule makes a further transition from the
lowest excited state to a metastable state by a process known as intersystem crossing (see Fig. 2.1) [79].
Since the relaxation from the excited state to the ground state is spin-forbidden, the emission occurs only
when the thermal energy raises the electron to a state where the relaxation is allowed. As a result, the
phosphorescence depends on temperature and has a long lifetime (from 10 to 10 s).

There are two kinds of photon scattering produced by a molecule: elastic and inelastic. In the former, no
energy transfer occurs between the photon and the molecule, whereas in the latter that is commonly
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referred to as Raman scatfering, it does. In Raman scattering, the molecule 1s excited to a virtual state
before relaxing to the ground state emitting a photon. In this process, the molecule and the photon can
interchange part of their energy. If the molecule gains energy. the transition if referred to as Stokes
transition and the emitted photon will have a lower frequency as the total energy is conserved.
Differently, the transition is referred to as anti-Stokes transition emitting a photon with higher frequency.

2.2.2. Opftical absorption process

The absorption process 1s charactenized by the absorption cross section o (cm”) and the absorption

coefficient i, (cm™). which are wavelength-dependent. The former represents the probability of

absorption of a photon. It 1s defined as the ratio between the power absorbed P, (W) from an mitially
uniform plane wave and the irradiance (or intensity) J, (W/cm®), by the following equation:

1 s
o =_a 21
abs rﬂ ( ]

Considering a medmum with a uniform distnbution of identical absorbing particles, the absorption
coefficient u (em™) is defined as the probability of absorption of a photon per infinitesimal unit of

length. It can be considered as the absorption cross section per unit of volume:
Haps = No-abs i (22]

where N (cm™) is the density of absorbers in the medium per unit of volume. The absorption coefficient
determines how deep a matenial can be penetrated by light at a specific wavelength before it 1s absorbed.
The mean free path travelled by a photon before being absorbed by the medium is given by:

L =——. 23)

where L, (cm) 1s defined as the characteristic linear dimension (or absorption mean free path) of the
absorbing material. A description of the propagation of light in a homogenous absorbing medmm i1s
presented in Figure 22 The fraction of light intensity attenuated by the medmm. dI/ ;. 1s directly
proportional to the optical path distance dx where the constant of proportionality 1s the absorption

coefficient u ; and can be expressed as:

£=—ﬂmﬂ- 24)
]

Thus, the light intensity absorbed m the interval from x to x +dx is proportional to the absorption
coefficient u, and the optical path distance dx . The nunus sign ndicates a decrease in intensity.



Integrating this over the thickness of the medium, d , we get the following equation:

Id) gy d
I = I _ﬁm‘if 2 (2.5)
, [ 0

which gives the Beer-Lambert law, relating the transmmtted light intensity with the mput hght intensity I,
the absorption coefficient 4 ; and the thickness of the medum 4 [50]:

I(d) =1 exp(—pt,,d). (2.6)
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Figure 2.2. Propagation of light in a homogeneous absorbing medium with absorption coefficient u_;_[80].

2.2.3. Opfical scattering

Similarly to the absorption, the wavelength-dependent optical scattering 1s characterized by the scattering
cross section o, (cm”) and the scattering coefficient Hern (cm™). The former is defined as the ratio
between the power scattered P.., (W) and the irradiance I (W/em?), of a uniform plane wave, given as:

E
O = 2.7
Iy

For a medmum with a uniform distribution of identical scatterers, the scattering coefficient 2, (em™) is
defined as:

Hoga = NO . 2.8
where N (cm™) is the density of scatterers in the medium per unit of volume. The scattering coefficient
determines how deep a material can be penetrated by light at a specific wavelength before it 1s scattered.
The mean free path travelled by a photon before being scattered by the medium 1s given by L, = ,u;ala{cm]
that 15 commonly referred to as the scattering mean free path of the scattering material.
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Figure 2.3. Propagation of light in a homogeneous scattering medium with scattering coefficient . [80].

In a homogeneous scattering medium (1e. g, >> u_, ). hight 1s attenuated following Beer-Lambert law
for scattering [56] (Fig. 2.3):

I(d) = Iy exp(—p,.,d)- 29)
2.2.4. Light anisotropy

The light scattering in a medium 15 generally anisotropic, since it 1s directionally dependent. The angle at
which the incident light 1s scattered in a medium 15 a function of the size and shape of the scattering
particles, as well as the wavelength and the angle of incidence. More generally, each type of particle will

have a different scattering profile. This profile 15 commonly referred to as the phase function p(E,E'),

which describes the amount of light scattered from the direction of the incident photon trajectory 5 into
the direction 5'(Fig. 2.4). The condition of normalization of the probability distribution requires that the
integral of the phase function over all the differential units of the solid angle dQ 15 equal to unity, such
that:

pr{f,f')dﬂ:l, (2.10)

where p (f,f ’] d€) 1s the probability that a photon mcident from the § direction will be deviated in the §'

direction in the differential unit of the sohid angle dQ . Generally, the phase function will be different
from particle to particle because of the amisotropy of the medium. For this reason, an average phase
function 1s required to describe the scattering process. It 15 assumed that the probability of scattening from
one direction into another 1s only a function of the scattering angle # between the two directions, so that:

p(5,5")=p(5%") = p(cos(8)). (2.11)
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Figure 2.4. Scattering of a photon within a sphere with solid angle 40 [80].

A measure of the scattering anisotropy 1s given by the coefficient of anisotropy g ., which 1s expressed as

the average value of the cosine of the scattering angle & (see Fig. 2.4):

g = (cos(8) = [ cos(0)p(cos(6))d (cos(6)). 212

The amsotropy coefficient g describes three kinds of scattering: extremely forward, isotropic, and
backward, when 1t approaches the value 1, 0, and -1, respectively. Combining the scattering and the
anisotropy coefficients, we get the reduced scattering coefficient:

Hica = Hoca(1—8) (2.13)

This expression relates the number of anisotropic scattering events given by m=1/(1- g) . equivalent to
an 1sotropic event. For instance, if the amsotropy coefficient 1s g = 0.9 | 1.e. a typical value in biological
media, an average of m =10 scattering events will be necessary to scatter a population of photons
isotropically. The definition of the reduced scattering coefficient allows an expression for the transport

attenuation ,H;{cm'lj, to be defined as:
1 = Hase + bhca. @14)

where the reciprocal of this 1s the mean free transport path, L, = ﬂ;_l (cm).

In biclogical tissues the scaftering predominates and the collimated light gets diffuse. When Light 1s
diffuse 1n turbid media, the optical penetration depth 1s better characterized by the effective attenuation
coefficient Ko - which is derived by the diffusion theory and 1s defined as [81]:

Heg = \/3:‘*};&;#; = Jhtm (ﬂabs“‘ﬂ;m] - (2.15)
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In this case, the hight penetration depth in tissues 1s defined as Ly = ﬂq} (cm), and light attenuation 1s

described by I(d. 4) = I exp(—,uﬁ- {ﬁ,)d ] . showing and exponential decay with increasing depth into the

medium.

2.3. Diagnostic window

A summary of the different optically attenuating media commonly found in biological tissues are
presented 1n Figure 2.5 over the wavelength range from 200 nm to 1200 nm. The range of wavelengths
between 650 nm and 1350 nm 1s referred to as the therapeutic window or diagnostic window for optical-
based technologies and it 15 where the light exhibits the maximum penetration into the biological tissues.
This range contains the typical spectroscopic profiles of the most common endogenous chromophores,
which are essential for several diagnostic purposes. Within this wavelength range, scattering is domuinant
over absorption, so that the light propagation becomes diffuse. The major absorbing components 1n soft
tissues are water, lipids, oxygenated and deoxygenated hemoglobin.

., [em7]

1
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Figure 2.5. Absorption 4 ; and scattering 4 _ coefficients of various biological components of soft tissues
[82].

Angiogenesis 15 the peculianty of any kind of malign tumor when it gets a deternuned growth stage. For
that reason, the blood 1s the interested tissue for the detection of breast tumors. The oxygenated and
deoxygenated hemoglobin are their main chromophores. Blood has a lhigher optical absorption than the
other biological components in visible and NIR range. Special mterest for optoacoustic applications has a
region beyond 650 nm. where the other breast tissues have a lower effective attenuation coefficient. From
the spectroscopic analysis of the blood 1t 1s possible to calculate the concentration of both oxygenated and
deoxygenated hemoglobin, providing information on the oxygen saturation in the blood (S0;) that 1s the
quotient between the concentration of oxygenated hemoglobin and the total concentration of hemoglobin.
In the following subsections a brief descniption of each of the abovementioned chromophores will be
presented.
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2.3.1. Water

Although water 1s nearly transparent in the range of wisible light, it becomes absorbing over the NIR
region. Water 1s considered as one of the most critical chromophores, since its concentration 1s high in
most biological tissues. The relation between the absorption coefficient (cm™) of water and the
wavelength 1s presented in Figure 2.6. It can be observed that the attenuation due to water absorption 1s
low within the wavelength range from 600 nm to 900 nm_ After 900 nm, the absorption increases abruptly

with the wavelength and exhibits a peak at ~ 970 nm. The value of the absorption coefficient u, of

water at 700 nm is 107 em™ and at 475 nm is 10" cm™ [4]. For longer wavelengths, the absorption
coefficient increases significantly. ie. at 15 um it becomes 3 x 10° cm™ [4].
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Figure 2.6. Absorption spectrum of pure water from 600 nm to 1050 nm [83].

2.3.2. Lipids

The lipids are one of the major components that can comprise 10-40% of human body. Most of the lipad
content 1n the body exists in the form of tnglycendes (neutral fats) and 1s found in the subcutaneous
tissues and around internal organs. The absorption spectrum of lipids 1s simalar to that of water, but 1s
distinguished from 1t by the sharp absorption band close to 930 nm and the absence of the peak at 970 nm.
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Figure 2.7. Absorption spectrum of pig fat from 600 nm to 1000 nm [84].
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In Figure 2.7, the absorption spectrum of pig fat, basically identical to that of human lipids, is presented
between 600 nm and 1000 nm [84].

2.3.3. Blood (Hemoglobin)

Blood is an important chromophore within the diagnostic window that is commonly used for the detection
and diagnosis of tumor growth. Blood consists of two different types of hemoglobin: oxygenated
hemoglobin (HbO2) and deoxygenated hemoglobin (Hb). These two different types of hemoglobin
exhibit different absorption spectra, as shown in Figure 2.8.
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Figure 2.8. Absorption spectrum of oxygenated and deoxygenated blood [80].

Blood is a strong absorber for wavelengths up to 600 nm, beyond which the absorption of oxygenated
hemoglobin is observed to drop off abruptly, while the absorption of deoxygenated hemoglobin drops
more steadily. The points where the oxygenated and deoxygenated hemoglobin intersect are referred to as
the isobestic points. From a optoacoustic spectroscopy analysis of blood it is possible to calculate the
concentration of both the oxygenated hemoglobin and the deoxygenated hemoglobin, providing
information of the oxygen saturation (SO2), which is the ratio of the oxygenated hemoglobin
concentration to the total hemoglobin concentration.

2.3.4. Melanin

Other tissue component with less significant contribution to the total absorption spectrum of tissues is
melanin. Melanin is a chromophore that exists in the human epidermal layer of skin and is responsible for
protection from harmful UV radiation. Melanin is one of the major absorbers of light in some biological
tissues (although its contribution is smaller than other components).

2.4. Process of optical to acoustic energy conversion

In Figure 2.9 it is shown a graphical description of the conversion from an optical pulse to acoustic
energy in a light absorbing medium. This process involves two different steps: first the optical energy
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from a short optical pulse 1s absorbed by an object, which may be any of the chromophores discussed 1n
the previous section, and then 1s transformed into thermal energy; second, an ultrasonic pressure wave is
induced from the thermal energy generated, due to the fast thermoelastic expansion of the absorber
embedded in the tissue. In this section, the processes and key parameters required in each of the two steps
for efficient optical to acoustic energy conversion will be descnibed 1n detail.
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Figure 2.9. General scheme of the generation of optoacoustic signals cansed by the thermoelastic expansion of
an absorber embedded in a tissue [85].

2.4.1. Optical to thermal energy conversion

From Beer-Lambert law 1t has been seen that the light power P, transmitted by an absorber 1s related to

the initial light power F; . the absorption coefficient 4 ; . and the optical path distance d travelled in the
medium, as [50]:

P =Fyexp(—u,, d). (2.16)
thus the absorbed hight power P, can be described by:
Py =B-B. @17)

The laser pulse energy absorbed by the medium E =Pabsrp, where Ty 1s the optical pulse duration,
determines the amount of thermal energy E,; induced in the absorbing material The amount of the

incident laser energy 1s directly proportional to the thermal energy induced into the absorber. From Eq.
(2.16) and (2.17) 1t can be inferred that the thermal energy induced is directly related to the absorption of

the matenial. In case of strong absorption, 1.e. HabsTpot == 1. where Tipot 15 the radius of the incident laser
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spot, the acoustic pressure waves will have higher amplitude [86]. The thermal energy generated E; can
be expressed i terms of u_,_and the absorption depth L, . as:

By~ Epp oy Ly - (2.18)

The thermal energy deposited in the medium 1s wavelength-dependent by means of the absorption
coefficient. Consequently, the thermal energy deposited in the medium per volume unit, £, (1) (J/em™)
can be expressed as [15, 50, and 79]:

Eﬂb.s
A

Ey ()= i, (4) =ty (A)F (2.19)

where F (J/cm®) is the optical energy density. or fluence. deposited by the laser per area unit 4 (cm?).
On the surface of the absorber we have Fy =E;/ 4. where the icident optical energy 1s Ey =Ij7,.
Therefore, the optical fluence at a distance d (cm) within the medium, using Beer-Lambert law, 1s [87]:

F(A,d)=F, Exp(—ﬂﬁ (A)d) . (2.20)

The conversion from the optical energy to the thermal energy creates a temperature increase AT in the
embedded absorber, which can be evaluated using the following expression [38]:

fase DF _ Ey(A)

AT(A) =
pCy PGy

(2.21)

where the temperature increase AT (°C) 1s dependent on the wavelength of the laser source and is given
in function of the density of the medium p (g/cm’), the heat capacity at constant volume G (J/g°C) and
15 directly proportional to the thermal energy deposited by the laser source per volume unat.

To efficiently generate optoacoustic signals, the condition of Thermal Confinement must be satisfied. The

heat generated from the absorbed optical energy is propagated to the neighboning absorbing region for
thermal conduction. The time scale for heat dissipation of the absorbed energy by thermal conduction 1s
related to the linear volume of the tissue being heated by the optical source. The thermal relaxation time

r,; of the heated volume can be approximated by [11]:

pC,L' I
4k dar’

T, ™ (2.22)
where L (cm) 1s the penetration depth, & (W/°C- cm) the thermal conductivity. p (g/cm’) the density of
the material, and CP (/g °C) the specific heat capacity of the absorber at constant pressure. The thermal

diffusivity of the medium 1s ay =&/ pCp (m”/s). Evaluating Eq. (2.22) it can be seen how fast the heated
volume retums to the equilibrium adjusting to the temperature of its surroundmgs.
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A typical value for the thermal diffusivity in most biological tissues 1s ar = 1407 (cm/s) [11]. For a
medmum mn which the absorption dominates over the scattering, 1.e. i, >> u_, . the penetration depth 1s
givenby L=L = ﬂ;és . defined 1n Eq. (2.3). In order to fulfill the condition of thermal confinement, the
optical pulse duration Ty should be shorter than the thermal relaxation time, 1.e. Tp <Ty. of the heated
volume, so that there 1s no heat loss by thermal diffusion during the heating process (Fig. 2.9).
Considering a highly absorbing biological tissue where g, =200 em™, from Eq. (2.3) we get L, =50
um. In addition, using Eq. (2.22) we find that the laser pulse width Ty. required for the thermal
confinement of the optoacoustic signal generation, must be T p <Th =45 ms, which 1s easily satisfied. If
the absorption coefficient 1s lower, the thermal relaxation times are higher.

2.4.2. Thermal to acoustic energy conversion: optoacoustic signal generation

All materials change in size when go through to a temperature change AT . The thermal energy deposited
in the medium through optical absorption produces an increase of pressure AP (Pa) that is determined by
the relative change in volume AV /¥ . the coefficient of thermal expansion B(°C™"), and the
thermodynamic coefficient of isothermal compressibility of the medium » (Pa™) and is given by [10,
89]:

AP =-LAV 1 BAT(A), (2.23)
yvV oy

where the coefficient of 1sothermal compressibility of the medium:

1 C
y=———r. (2.24)
PVea Cy

where o (g/em’) is the density. V.4 (m/'s) 1s the speed of sound mn the medmm and Cp (J/g*°C) and G}
(J/g-°C) are the specific heat capacities at constant pressure and volume, respectively. When a short laser

pulse illuminates the absorbing tissue and there 1s no appreciable dilatation of the medium. we can
approximate AV / V' = 0 and Eq. (2.23) 1t 15 reduced as:

ma)%ﬁﬂw- 225)

The change in volume 1s neghgible only when the condition of Stress Confinement 1s satisfied. This
condition requires that the time for deposition of thermal energy in the absorbing medum must be shorter
than the time taken by the medium to change in volume for thermal expansion. To satisfy this condition,
the pulse width of the optical radiation must be shorter than the time taken by the thermoelastic wave to
propagate a distance equal to the optical penetration depth. This time 1s referred to as stress relaxation
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timeT,,. . The condition of stress confinement can be expressed in terms of the charactenistic linear

dimension L, of the tissue volume being heated and the speed of sound in the medum v, _, by the
following equation [88]:

Ty < T = - (2.26)

This condition establishes the resolution limit of an optoacoustic imaging (OAI) system in function of the
pulse width of the laser source applied. Considering for mstance L, =50 pm and a speed of sound mn

biological tissue of 1.5 mm/ps, then the laser pulse width must be 7, < 7., =33.3ns. If this condition

1s not satisfied, the temporal profile of the pressure generated will be expanded by the temporal profile of
the laser pulse. From Eq. (2.25) 1t can be noticed that the pressure imnduced 1s directly proportional to the
temperature increase. It should be underlined that the pressure generated from the optical interaction with
the medium i1s dependent on the wavelength of the optical source. Replacing Eq. (2.21) into Eq. (2.25) we
get the expression of the pressure increase in function of the thermal energy generated:

1 B

AP(A)=———E, (). (2.27)
PCy

In Eq. (2.27) we can identify a term of optoacoustic efficiency, which 1s commonly defined as Griineisen

Parameter. The value of this parameter depends on the specific tissue and indicates the portion of the
laser energy that 1s available for conversion into acoustic energy. It 1s defined as [10, 79]:

1 B _ Ve

r=———
F pCY Cp

(2.28)

The Griineisen parameter 1s a dimensionless factor dependent on the temperature. For water and aqueous
solutions at environmental temperature (T = 20 °C), the Griineisen parameter equals 0.1 [90, 91]. For
instance, muscular tissues typically contain ~ 75 % of water, the coefficient of thermal expansion is

B=38x 107 (°C™). the heat capacity at constant pressure is CP =3.7(J/g-°C), and the speed of sound is

V, g =1.5 mm/us. Therefore. from Eq. (2.28) the Griineisen parameter 1s calculated as ~ 0.23 i the
muscle [92]. Replacing Eq. (2.28) into Eq. (2.27). we get:

AP(3) =TE,(2) =T 5, (A)F; . 2.29)

From Eq. (2.29) it can be observed that the initial pressure of the optoacoustic signal generated 1s directly
proportional to the optical energy absorbed, which depends on the wavelength. Eq. (2.29) covers an
important role in optoacoustic spectroscopy (OAS), where the spectroscopic profile of a tissue can be
obtained from the pressure related to the optoacoustic signals generated in a certain range of different
wavelengths. Figure 2.10 shows the amplitude of the pressure wave generated at a distance 4 from the
interface of a medium (1.e. a biological tissue) when both absorption and scattering are present.
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This process can be descnibed by the following equation [90]:

P(d,2) =T ft, (W) Fy exp(—ptg: (A)d) . (230)

where p 1s the mitial pressure, dependent on the wavelength. at a distance 4 from the surface of an
absorbing medium.
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exp(—pd )
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Figure 2.10. Pressure transient generated at the interface of a turbid absorbing medium [80].

2.4.3. Temporal and spectral profile of an optoacoustic signal

Previously, it has been shown that the pressure transients generated optoacoustically from the optical
absorption and thermoelastic expansion contain information about the optical properties of the medium
that 1s exposed to the laser light. The temporal profile of the pressure wave transmitted by an absorber
with a complex geometry, such as a tumor growth, can be represented by the convolution of acoustic
waves emitted by a number of small sphenical sources. Considering a sphere of radus » where the

condition g, >> u . 15 satisfied with the following conditions:

1
2

3.
4.

Uniform absorption of the optical energy. 1e. u , <<1/r;

Thermal confinement: 7, <7

Stress confinement: 7, < Ty, |

The acoustic properties of the spherical absorber are 1dentical to the surrounding medium,

then the acoustic pressure generated by the thermoelastic expansion of the absorber will propagate
isotropically and can be expressed as [10]:

p'[l’=I—i]=iFM(—VMT)H(T—|VmT), (2.31)

IRV,
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where H 1s Heaviside function (or step). the volume of the sphere 1s Veph = 477> /3. R is the distance
from the point of observation to the center of the spherical absorber, v, _; 1s the speed of sound i the

medium and Fj 1s the laser fluence incident on the sphere.

The optoacoustic wave produced presents the typical N-shape profile with tnangle phase compression
followed by an expansion (see Fig. 2.11) [10]. The duration of the optoacoustic signal 1s defined by the
speed of sound along the diameter of the sphere, given as:

2r=(t, =4, )V, 4 - (2.32)
" '
h 21.
P(1) < >
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Figure 2.11. Temporal waveform of the optoacoustic signal generated by a sphere or radius r, where the
speed of sound in the medium is v, _; [reprinted from 80].

The spectral response of the optoacoustic transients can be calculated by the Fourier Transform of the
temporal signal (Eq. (2.31)), given as [93]:

(o /v, ;)ecos(ar /v, ;)—smier/v, ;)

(2.33)

¥
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(@riv, ;)"

where @ 1s the frequency of the ulirasomc signal. The amplitude of the spectrum 1s represented 1n Figure
2.12. From the optoacoustic spectrum given by Eq. (2.33) we can obtain both the central frequency and

the bandwidth of the optoacoustic emission from a sphere. The parameters f__ and Af ;... mdicated in
Fig. 2.12, are fundamental for the design of any ultrasonic sensor for the detection of optoacoustic waves:

fomy =033 med (234)
r
Af sip = Fomer — fiongy = 0512254 16 med _ 35 med @33)
F r r
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Figure 2.12. Spectral amplitude of the optoacoustic pressure from a small sphere as a function of the
normalized frequency [80].

However, it should be considered that the central frequency and the acoustic signal bandwidth defined
Eqs. (2.34) and (2.35) for an absorbing sphere comrespond to the low frequency part of the optoacoustic
signal (1.e. the first lobe of the spectrum) that decreases linearly (see N-shape in Fig. 2.11).

In order to detect the fast mse and fall transitions of the optoacoustic signal at the boundanies of the
sphere, a higher bandwidth is necessary. However, by increasing the bandwidth, the thermal noise in the
detection process is also amplified; hence a compromise between both 1s necessary [93]. This can be done
by considening a nise time of the acoustic signal to be 0.3 times the total transition time. in this case

03A2r /v, ;). which in terms of frequency (that corresponds to the bandwidth) 1s equivalent to:

—1.5 med (2.36)

Japer
,

In soft tissues, the absorption distribution 15 complex due to the existence of sphernical particles of many
different dimensions. If a charactenistic size of the absorber 1s defined, we can estimate the necessary
bandwidth to detect it by using Eq. (2.36). For mnstance, considenng two spherical tumors embedded 1n a
soft tissue with radius of 1 mm and 5 mm, respectively, and taking into account that the acoustic speed 1n
the tumor 1s 1.5 mm/ps, then the bandwidths £, of the optoacoustic signals generated from each sphere

are 2.25 MHz and 450 kHz, respectively.

2.5. Propagation of an optoacoustic wave

In this section it 15 described how the acoustic wave propagates in the elastic medium and how we can
retrieve the information about the mnitial pressure distnbution. In Eq. (2.31) 1t has been seen that if the
conditions of thermal and stress confinement are satisfied, the imitial pressure distribution is proportional

to the absorption coefficient and to the optical fluence. We consider that p, {F ') 15 the initial pressure
distnbution generated by a laser pulse with temporal profile L(f) in an optically heterogeneous tissue
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with properties of abserption and scattering (Fig. 2.13). Assuming that the laser excitation 1s a Dirac delta
function, 1.e. L(f) = &(¢) . the pressure p;(7.f)1n the position 7 and time ¢ can be expressed as [94]:

.1 af 1 =AY L
pcg(r?tj—4ﬂviad ar[um:m pu(r‘)é'[r o de}, (237)

where v, . 1s the speed of sound in the tissue. Eq. (2.37) calculates the acoustic pressure in the position
ryand time f = |F '— F| /v, 4 integrating the imitial pressure distribution over a sphere with ra.d:ius|F — F| .

If we consider a finite pulse duration, the pressure distibution will be equal to the convolution of impulse
pressure p;(7,f) and the temporal profile of the laser L(t):

+xm
pF.0=[_ Lit-1p;(F.0)d1- (238)

plr, t)

Figure 2.13. Diagram of optoacoustic wave propagation [85].

The optoacoustic pressure m the position 7 and time ¢ can be calculated integrating the initial pressure
distribution p, (F ’] over a sphencal surface with radms |F — F| =v, 4t The objective of optoacoustic

tomography 1s to invert Eq. (2.37) from the measurement of p;(F.f)to retrieve the initial pressure

distnibution p, (F ') . For this, it 1s necessary to resort to computational 1mage reconstruction algorithms.

2.6. Short pulsed laser sources for efficient optoacoustic signal generation

The most efficient laser sources which produce optoacoustic signal generation are based on the emission
of short pulses. Such sources have many advantages over modulated continuous sources. The major
advantage 15 based on the high energy stored in each pulse, which produces high acoustic signals
improving the signal to noise ratio. Pulsed laser sources deposit large amounts of energy in a short slot of
time. It has already been demonstrated that the pulse width of the laser source should be shorter than the

thermal relaxation time of the heated volume, 1.e. Ty <Ty. to avoid that the thermal energy generated 1s

dispersed inside the biological medium (thermal confinement condition). In addition, the time for
deposition of thermal energy in the absorbing medium must be shorter than the time taken by the medium

to change 1n volume for thermal expansion, 1.e. Tp < Ustress (1.e. stress confinement condition).
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The main laser sources used for optoacoustic signal generation within the therapeutic window in
biomedical applications are:

1. Q-Switched Nd:YAG,
2. Pulsed high-power diode lasers (HPDLs),

3. Q-Switched Nd: Y AG-laser pumped Optical Parametric Oscillator (OPQ).

Typically, solid state lasers are used for the generation of ultrasounds but their use in clinical environment
1s inconvenient due to their large sizes, high costs, and low repetition rates (a few Hz). Currently, there 1s
a lot of interest in HPDLs as sources for optoacoustic signal generation in biomedical applications [57-59,
61, 62, 64-66, 68]. This 1s due to their numerous advantages over traditional pulsed laser systems, such
as: small sizes, low costs, and high repetition rates (up a few kHz). However, the main drawbacks of such
optical sources nise from their low peak power emuitted in comparnison with solid state lasers, but they can
be combined side-by-side to deliver a mgher contribution of optical power.

The Nd:YAG laser (more precisely Nd3+ YAG, which 15 an acronym for neodymium—doped yttrinm
aluminum gamet) 1s the preferred choice of laser source for OAT applications, since it efficiently satisfies
both the thermal and stress confinement conditions discussed previously.

Another commonly used short pulsed optical source is the multi-wavelength Nd:YAG-laser pumped
OPO. This device operates simularly to a laser cavity, but 1s based on the gain from parametric
amplification in a nonlinear crystal rather than from stimulated emission. This device produces a wide
range of wavelength-controllable optical pulses within the therapeutic window.

2.7. Conclusions

In this chapter, the key concepts related to the optical propagation in tissues and to the optoacoustic signal
generation have been presented. It has been shown that the attenuation of light 1s pnincipally govemned by

the wavelength-dependent optical absorption and scattering coefficients of the medum 4, andu_ .

respectively, from which the exponential decay of the transmmtted optical intensity is directly related. 1n
according to Beer-Lambert law.

A review of the amisotropic nature of electromagnetic radiation scattering in biological tissues has been
provided. From a spectroscopic review of the main biological chromophores used for diagnostic purposes,
the optimum wavelength range of the optical source for biomedical applications has been identified
between 200 nm and 1200 nm_

The main parameters associated with efficient optical to thermal and thermal to acoustic energy
conversion processes have been obtained by means of a step-by-step analysis of the behavior of optical
energy in attenuating media. It has been shown how the acoustic pressure transients are generated by the
thermoelastic expansion of a medium, which in turn 1s caused by the thermal and stress confinement of
the short pulsed optical energy absorbed by the medium. From this analysis it has been seen that the
pressure wave generated at a distance d from the interface of a medium 1s directly related to the
wavelength-dependent absorption coefficient and to the incident fluence on the surface of the medium,
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and undergoes an exponential decay inside it. Based on this theory, optoacoustic measurement schemes
are implemented to quantify the optical properties and the optoacoustic responses of some nanoparticles
solutions as absorbers of different nature.

A brief review on the temporal profile and the spectral response of an optoacoustic signal has been
discussed taking into account the optoacoustic emission from a sphere of radius r. Finally, it has been
discussed how we can retrieve the information about the initial pressure distribution, which is the base of
the image reconstruction algorithms. Nevertheless, they are not applied in this dissertation.

In the next chapter, a study of some kinds of nanoparticles as absorbing media for optoacoustic
applications will be undertaken.

The general concepts of optoacoustics presented in this chapter will be applied to the nanoparticles
solutions described in Chapter 3. In this regard, Chapter 4 will show the optoacoustic signal generation
from different kinds of nanoparticles with high optical absorption in the NIR range.
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Chapter 3

Optical properties of some kinds of nanoparticles for
optoacoustic applications

3.1. Introduction

The detection of cancer at early stages is necessarily important for preventing the growth of the cancer
cell population within the corporeal organs in successive stages. Among all cancers, some of them are
more statistically diffused and harmful. Breast cancer is one of the most diffused and differentiated kind
of cancer in the world existing in a wide variety of forms [95]. The increasing demand for new techniques
to enhance spectroscopic characterization and optical contrast in-vivo of unhealthy tissue is at the
forefront of new innovations in nanomedicine. In this regard, specific kinds of nanostructures are often
required to target the tumoral cells in their early stages of growth. The nanometric sizes of nanoparticles
give them advantageous characteristics in a wide variety of medical research, including in vivo imaging
and therapy.

Recent advances in synthesis and functionalization of nanoparticles have brought a significant
intensification in their applications as highly specific and effective optical contrast agents in various
optical imaging techniques, such as optical coherence tomography, fluorescence imaging, optical
reflectance microscopy and recently, OAI The specific biomedical applications include imaging of cell
and tissues, drug delivery, and sensing of target molecules. OAI is one of the biomedical fields that have
increasingly developed experiments with nanoparticles in the last two decades [96-98]. Because of their
high photo-stability, narrow ranges of emission, and broad excitation wavelengths, the nanoparticles have
attracted much attention from numerous groups of scientists. Popular nanoparticles in biomolecular and
biomedical imaging include fluorescent particles for optical imaging, such as quantum dots, gold
nanoparticles and magnetic particles. In addition, recent advances in the area of plasmonic
nanotechnology opened new opportunities for the development of nanoparticle-based contrast agents with
high absorption properties in the NIR spectral range for OAI applications [99].

In this chapter, the optical properties of different kinds of nanoparticles will be presented for their
applications in biomedical imaging and therapeutics. Specifically, the optical properties of carbon
nanotubes (CNTs), graphene oxide nanoparticles (monolayer graphene oxide (GO), reduced graphene
oxide (rGO), reduced graphene oxide-gold nanoparticle hybrid (rGO@Au)), and gold nanorods are
presented.

3.2. Carbon nanotubes

The discovery of carbon allotropes, including graphene oxide nanoparticles and CNTs, has revolutionized
the biomedical research for their remarkable structural, mechanical and electronic properties, such as
small sizes, high strength, and high electrical and thermal conductivity [100, 101]. In addition, they have
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shown unique features that are suitable as optical contrast agents, such as strong NIR absorbance, large
surface-to-volume ratio, rigid structure, good thermal conductivity, and the potential for high
biocompatibility. The CNTs are hexagonal networks of carbon atoms with diameter of ~1 mm and length
of ~1-100 um, consisting of a layer of graphite rolled up into a cylinder [102].

There are two kinds of CNTs: single-walled nanotubes (SWNTs) and multi-walled nanotubes (MWNTs),
which differ in the arrangement of their graphene cylinders. SWNTSs have only a single rolled layer of
graphene cylinders; while MWNTs have many rolled layers (approximately 50), as shown in Figure 3.1
[103]. In the experiments presented in the next chapter (section 4.2.1), double-walled carbon nanotubes
(DWCNTs) that are composed of only two layers of graphene cylinders will be used. Normally, the
optical absorption of the CNTs increases with the number of layers.

(a) SWCNTs (b) MWCNTs

Figure 3.1. Schematic representations showing the structures of CNTs: a) SWCNTs and b) MWCNTs [104].

The rolling can be done at different angles and curvatures, which result in different properties. The
diameter typically varies in the range 0.4-40nm, but the length can reach several centimeters
[105]. The aspect ratio of the CNTs (i.e. the length-to-diameter ratio) can reach more than one hundred
millions [106], which is incomparable by any other material. Consequently, all the properties of the CNTs
(i.e. mechanical, electronic and optical) are extremely anisotropic and tunable. A CNT can be exhibit a
certain angle with respect to a plane perpendicular to the long axis in a range between 0 and 30°.

This tunability of the properties of CNTs is potentially useful in optics and photonics, in particular for the
production of light-emitting diodes (LEDs) and photo-detectors based on a single CNT. Their unique
feature is the narrow selectivity in the wavelength of emission and detection of light.

In recent years, carbon-based nanocomposites have been developed as OAI contrast agents, due to their
advantages of nontoxicity, photostability, strong optical absorbance in the NIR spectrum, and easy surface
modification [107]. Among the carbon nanomaterials, CNTs are considered one the most promising
contrast agents for enhanced OAI because of their intrinsic optical absorbance in the NIR spectrum.
Particularly, DWCNTs are intriguing materials that exhibit intermediate properties between those of
SWNTs and MWNTs for use as imaging and therapeutic agents in biological systems.

Recently, CNTs have been intensively studied as contrast agents in OAI systems due to their excellent
characteristics. For example, the wide-optical absorption spectrum of CNTs in visible and NIR spectra is
very useful for providing an efficient exogenous contrast of detected tumors from healthy tissues in the
NIR region. Although CNTs can provide strong optical contrast when employed for biomedical
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applications, their absorption coefficient in the NIR is relatively lower than gold-based nanoparticles,
because the latter can be selectively tuned in the spectrum by changing their sizes.

However, due to the large surface area, the NIR optical absorption of CNTs can be improved significantly
by conjugating the particles with small molecule dyes or coating with a gold layer. The enhancement of
optoacoustic contrast by coating CNTs with a golden layer has been reported and demonstrated that CNT-
gold hybrids offered a promising alternative for noninvasive detection of cancer [108, 109]. Besides,
CNTs can be easily employed for photothermal therapy due to their strong optical absorption and
extraordinary thermal conductivity. Furthermore, CNTs have also been used as contrast agents in
optoacoustic mapping of the sentinel lymph node, lymphatic vessels, and optoacoustic molecular imaging
of glioblastoma tumors and certain cancerous cells [110-113]. OAI can benefit of the high absorbance of
CNTs, since they contain impurities in the form of metallic nanoparticles. Figure 3.2 shows the solution
of DWCNTs dispersed in distilled water and used for our optoacoustic experiments (see section 4.2.1).
Figure 3.3 shows a typical spectrum of absorbance of DWCNTs in the visible and NIR ranges.

Figure 3.2. Samples of DWCNTs used in our optoacoustic experiments (concentration of 0.1 mg/ml in distilled
water).
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Figure 3.3. Typical absorbance spectrum of DWCNTs in visible and NIR ranges.

The physical properties of CNTs can be manipulated to be subjected to different methods of biomedical
imaging in order to analyze and improve their functionalities and response to their environment.
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3.3. Graphene oxide nanoparticles

Similarly to CNTs, graphene oxide (GO) is a derivative of graphene, composed of carbon, oxygen,
and hydrogen in variable ratios, obtained by synthetizing sheets of graphite in a single-layer of 2-D
nanostructure. Compared to CNTs, GO nanoparticles possess a larger surface area and lower aspect ratio.
Graphene has many unusual properties, such as excellent thermal and electrical conductivity, flexibility,
mechanical strength, and biocompatibility. Research studies on graphene oxide are mainly addressed to
the fields of electronics, photonics, and biomedical imaging. In biomedical imaging techniques, GO
nanoparticles are synthetized for drug delivery and cancer imaging and treatment [114-116]. One of the
potential interesting field is OAI, where GO can be applied as exogenous contrast agents for cancer
imaging. Reduced graphene oxide (rGO) is formed by residual oxygen and other heteroatoms and can be
made as a thin film from an aqueous dispersion of GO in water with moderate conductivity. Normally, it
is attractive for use in electronic devices. In addition, GO and rGO are used in nanocomposite
materials, polymer composite materials, and biomedical applications. Figure 3.4 shows the molecular
structure of GO and Figure 3.5 shows both the processes of synthetization of GO from graphite and rGO
from GO. The addition of gold nanostructures with graphene produces the graphene—gold nanorods
hybrid (rGO@Au) nanocomposite which provides additional properties, such as higher effective surface
area, catalytic activity, electrical conductivity, water solubility, and biocompatibility (Fig. 3.6).

Figure 3.4. Molecular structure of GO composed of carbon, oxygen, and hydrogen in variable ratios [117].
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Figure 3.5. A scheme showing the various steps of preparation of GO and rGO. GO is prepared by
oxidation/exfoliation of graphite layers, while rGO by either chemical (CRGO: chemically reduced graphene
oxide) or thermal (TRGO: thermally reduced graphene oxide) or electromechanical reduction (ERGO:
electrochemically reduced graphene oxide) [118].
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(a) Graphene-AuNPs (b) CNT-AuNP

Figure 3.6. Chemical synthetization of rGO@Au with deposition of gold nanorods nanoparticles to GO [119].

Figure 3.7 shows three solutions of GO, rGO, and rGO@Au dispersed in propanol and used for our
optoacoustic experiments (see section 4.2.3). The dispersion of all the solutions is not optimal, especially
of rGO@Au, due to the precipitation of the heavy gold nanoparticles deposited on GO nanostructures.
The solutions have been shaken immediately before the measurements by using an ultrasonic cleaner to
avoid that the precipitation of nanoparticles altered the measurements of absorption coefficient and
optoacoustic signals. Figure 3.8 shows the absorbance spectrum of both GO and rGO in the visible and
NIR ranges, considering a nanoparticles concentration of 50 pg/ml. In the experiments presented in
section 4.2.3, these nanoparticles will be used in concentrations of 25 mg/ml (500 times more) to generate
optoacoustic signals at 870 and 905 nm. As we can see in Figure 3.8, the absorbance is very low to
generate sufficiently high optoacoustic signals. Despite their low toxicity, the drawback of these
nanoparticles is that they do not show absorption peaks in the NIR range. Conversely, the gold nanorods,
as we will see in the next section, present the possibility of being tuned at the desired wavelength by
changing both their aspect ratio and size. In their case, it would not be necessary to use such high
concentration (i.e. 25 mg/ml) to achieve appreciable optoacoustic signals, but values of ~ 25-30 times
less. In fact, it would be advantageous to use low quantity of nanoparticles for biomedical imaging
applications requiring minimally invasive in-body injection of contrast agents.

Figure 3.7. Samples of GO, rGO, and rGO@Au used in our optoacoustic experiments (concentration of 50
pg/ml).
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Figure 3.8. Absorbance spectra of GO and rGO in visible and NIR ranges (concentrations: 50 pg/ml) [120].
The higher absorbance of rGO is due to the presence of gold nanoparticles conjugated to the graphene
structure.

The safety of carbon nanoparticles is a critical consideration in their development for biological uses. The
biocompatibility of carbon nanoparticles is determined by the surface physical and chemical properties,
including surface chemistry and particle size. The tolerable dose is ultimately limited by their
accumulation and elimination from the body, as no known biological process can degrade carbon
nanomaterials. Thus, the safety of carbon nanoparticles still needs extensive investigation before their use
in humans [107].

3.4. Gold nanorods

Gold nanorods are a kind of rod-shaped plasmonic nanoparticles with dimensions ranging between 1 and
100 nm and aspect ratios between 1.5 and 25. They are produced by direct chemical synthesis, in which
the different sizes of the nanorods are growth at different rates, producing an elongated object (Fig. 3.9).
They are considered as attractive new nanomaterials which have found a wide range of applications in the
biomedical field.

Their physical and geometrical properties provide them high tunable absorption peaks in the NIR
spectrum, due to their tunable surface plasma resonance. In addition, they generate heat transients when
are excited with NIR radiation. All these special properties of gold nanorods make them potential optical
contrast agents for cancer diagnosis and therapy in biomedical imaging and drug delivery [121, 122].
Gold nanorods are synthetized as colloidal solutions of nanoparticles suspended in another liquid
substance, which is typically water, to form a homogeneous mixture. In this way, the gold nanorods
mixture does not settle or take a very long time to settle appreciably (typically more than six months),
keeping their characteristics for a sufficient time for their use in a biomedical environment. The most
important feature of the colloidal solutions of gold nanorods is based on their optical properties which
during synthesis can be tuned to specific wavelengths within the therapeutic window.

In cancer diagnostics, when a patient is exposed to NIR radiation, the high plasmonic resonance of gold
nanorods selectively taken up by tumor cells allow a high imaging differentiation from the surrounding
healthy tissues. Similarly, in cancer therapeutics the gold nanorods are locally heated, destroying only the
cancerous tissue while leaving healthy cells intact (i.e. hyperthermia treatment [123]). When the cancer
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treatment is more complicated, the drug delivery is a more preferred solution than hyperthermia. In this
case, the gold nanorods can be conjugated with an anti-tumorigenic drug to provide tracking of the
labeled cells and release their drug to the targeted cancer cells.

Undoubtedly, one potential application of gold nanorods is OAI, in which the high absorbance of these
nanoparticles can be useful to target and differentiate the tumoral cells from other tissues. In sections
4.2.4 and 4.2.5 some interesting applications of gold nanorods applied for optoacoustic signal generation
will be shown. To gain more insight into the behavior of gold nanorods, a theoretical analysis based on an
extension of Mie’s Theory presented by Gans for randomly orientated elongated cylinders is presented.

3.4.1. Optical properties of gold nanorods

The gold nanorods structure is especially appealing due to its unique optical properties and wavelength
tunability within the optical therapeutic window. By controlling the shape and dimensions of the
nanoparticles during their synthesis, the optical scattering and absorption can be tuned to specific
wavelengths. This is particularly beneficial when they are used as optical contrast agents in biomedical
applications. To understand this process, a numerical analysis based on the light/nanoparticle interaction
has been developed to identify both the absorption and scattering properties in function of the
nanoparticles dimensions. This procedure provides key information required during the synthesis of gold
nanorods to control their wavelength tunability.

Gold nanostructures have unique surface plasmon resonance (SPR) which results from a collective
coherent resonant oscillation with the external oscillating electromagnetic field. The wavelength of SPR is
dependent on particle size, shape, structure, the dielectric properties of the metal, and the surrounding
medium, as these factors affect the electron charge density on the particle surface [124].

Spherical gold nanoparticles have only one SPR peak in the visible region around 520 nm depending on
size and dielectric environment which can be explained by Mie’s theory [125].

Instead, the SPR properties of gold nanorods split into two distinct SPR bands which correspond to the
oscillation of the free electrons along the transverse axis (the width or short axis) and the longitudinal axis
(the length or long axis) of the rod. The transverse surface plasmon (TSP) in gold nanorods typically
shows a resonance peak at ~ 530 nm, while the resonance of the longitudinal surface plasmon (LSP) is
commonly found from visible to NIR region of the electromagnetic spectrum with increasing aspect ratio.
The position of the LSP is dependent on the aspect ratio of the gold nanorod, which is given by R = L/W,
where L is the length and R the width (Fig. 3.9).

L
<€ >

Figure 3.9. Geometrical structure of the gold nanorod. The aspect ratio (R) of a nanorod is given by R = L/W.

Figure 3.10 shows two solutions of gold nanorods dispersed in distilled water with absorption peak at ~
860 nm and ~ 900 nm and used for our optoacoustic experiments (see sections 4.2.4 and 4.2.5). In Figure
3.11 the absorbance spectra of several solutions of gold nanorods with different diameters are presented
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over the wavelength range from 450 nm to 1500 nm. The TSPs can be noticed in the lower part of the
spectrum, while the LSPs occur more ahead in the NIR range. It can be noticed that the absorbance peaks
of the LSPs equal 100 with relatively low concentrations of gold nanorods (between 3.5 and 5 mg/ml).
Due to minimal NIR light absorption by most human tissues and water in the NIR (700-1300 nm), gold
nanorods exhibiting strong NIR absorption and scattering are very attractive for in vivo biomedical
imaging and drug delivery and therapy applications [126].

Figure 3.10. Samples of gold nanorods used in our optoacoustic experiments (concentration of 0.8 and 0.9
mg/ml, respectively).

Gold nanorods with high optical density (O.D.) are considered as a potential contrast agent for
discrimination and targeting of cancer and other diseases in OAI, since their absorption peaks can be
adjusted to the emission wavelength of the laser source by varying their dimensions at nanoscale.
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Figure 3.11. Absorbance spectra of gold nanorods with different diameters W (i.e. 10 nm and 25 nm) in the
visible/NIR range. The concentrations are 3.5 mg/ml (10-nm diameter gold nanorods) and 5 mg/ml (25-nm
diameter gold nanorods) (reprinted from [127]). The absorbance peaks are associated with plasmon
oscillations in the longitudinal and transverse directions.
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Both Rayleigh’s and Mie’s theories, which are both based on Maxwell’s equations, can be used to model
the scattering of a plane monochromatic optical wave by a single spherical particle [125, 128]. The mamn
assumption of both theornies 1s that the particle and its surrounding medium are both homogenous and can
be described by their bulk optical refractive index (1.e. by a single refractive index at a given wavelength).
Rayleigh’s theory describes the light scattering by particles which have dimensions much smaller than the
wavelength of the incident radiation. This theory i1s only valid when the size of a scatterer, defined as
x = 2nr /A (where r i1s the charactenistic dimension of the particle and A is the operating wavelength) 1s
much smaller than 1. Normally, the gold nanorods have size comparable with the NIR peak wavelength
(normally no more than 10 %). Instead, Mie’s theory was developed for particles of a sphenical nature
only. In order to model the optical properties of nanorod structures, an extension of Mie’s theory has been
developed by Gans [129. 130]. which is based on a dipole approximation. This theory determines the
relation between gold nanorods structures and both the LSP and TSP peaks. Another techmique used to
model the optical properties of gold nanorods 1s the discrete dipole approximation (DDA) developed by
Purcell and Pennypacker [131]. which 1s a method for calculating the optical properties of particles of
arbitrary shapes [132, 133].

According to Gans’ theory, the extinction coefficient of randomly onented ellipsoidal- or rod-shaped

particles can be modeled by introducing a geometrical factor P; which corresponds to each axis 4 or B of

the particle (see Fig. 3.12). The formulas for the absorption and scattering cross sections. o, and o, .
respectively, are given by the following equations [80]:
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where ¥ 1s the volume of the particle calculated as a cylinder, 1.e. F =74 {B / 2)2 (see Fig. 3.12). £,.4

represents the dielectric constant of the surrounding medum, ¢, ,and &, represent the real and

imaginary part of the complex electric permittivity of gold, respectively, which can be found by the
following equations:

Ereal = nfm]‘ - ni?nag » (3.3)
Eimag = 2Ny eaiMimag - (34)
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The geometnical factors P; along the A and B axes are defined as [80]. where R 1s the aspect ratio:

2 R R++JR2 -1
Pi=— In -1, (3.5)
R -1l 2yrR?-1 | R=+[R2 1
1-P
PB: 2"{ - (3.6)

”_l'mr = nl'en.l' +‘:”.i.'|rr.g 1 ¢

]
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Figure 3.12. Gold nanorods of refractive index n,,, =n,., +if;,,. Within a suspension liquid with refractive

index Mod -

In [80]. the dependence of the aspect ratio on the position of the LSP peak of gold nanorods has been
investigated and a linear relation between these terms has been observed. It has been assessed that the
aspect ratio of the nanorod increases with the shift of the LSP peak position to longer wavelengths and
increases in amplitude, while the TSP peak moves to shorter wavelengths and decreases in amplitude.

Experiments demonstrated that the relation between the wavelength LSP peak A peak and the aspect ratio

R of gold nanorods 1s constant, considering the numerical analysis of Weaver and Fredenkse (Eq. 3.7)
[134] or Johnson and Christy (Eq. 3.8) [135]:

Apeat =110.04R+357.71, (3.7)
Apeas =107.14R +350.78. (3.8)

Similarly, 1t has been demonstrated a linear relation between the position of the LSP peak and the
dielectric constant £, _; of the surrounding medium. In this case, the expeniments give the following

equations, considering the numerical analysis of Weaver and Fredenkse (Eq. 3.9) or Johnson and Christy
(Eq. 3.10):

Apoai = 60.528,,4 +477.92, (3.9)
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A

ook = 5848, 4 +470.01, (3.10)

The synthesis of gold nanorods used as optical contrast agents requires a careful selection of the nanorod
properties, such as the wavelength tuming of the optical absorbance peaks.

3.4.2. Synthesis and bio-conjugation of gold nanorods

A vanety of approaches has been developed for the synthesis of gold nanorods. mainly including
electrochemical, photochemical, and seed-mediated growth methods. Among these, the seed-mediated
growth method 1s the most widely used. due to its simplicity, igh quality, and particle size controlling.

In the seed-mediated approach, gold nanorods with different aspect ratios are produced by growing
colloidal gold seeds (~1.5-4 nm) in a bulk HAuCl; solution using cetyltnmethylammonium bromade
(CTAB) surfactant. The size and aspect ratio of gold nanorods can be influenced by many parameters,
such as seed concentration, seed size, reductant concentration, temperature, gold concentration and
surfactant concentration.

Gold nanorods synthesized by seed-mediated growth method have a strong coating of CTAB surfactant,
which provides the surface of nanorods with a positive surface charge, and thus ensure their stability in
aqueous solution via electrostatic repulsion. Moreover, CTAB-coated gold nanorods exhibit cytotoxicity
to most cells, due to the CTAB surfactant itself and the residual CTAB. In this way, 1t would be necessary
to remove or replace CTAB for the advanced utilization of gold nanorods in wvarious biomedical
applications. Several methods have been developed for comjugation of biomolecules to gold nanorods,
including direct ligand exchange, covalent coupling, electrostatic adsorption and surface coating [124].
Figure 3.13 shows a colloidal solution of CTAB-coated gold nanorods that are randomly oriented 1n a
fluad (1.e. distilled water).

a ¥

Figure 3.13. Colloidal solution of CTAB-coated gold nanoreds [127].
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3.4.3. Biomedical applications of gold nanorods

Gold nanorods have several remarkable properties, such as strong plasmon absorption band tunable from
visible to NIR, enhanced scattering cross section and long term photostability. All these features make
gold nanorods very useful for biomedical imaging. The biomedical imaging modes for gold nanorods
include two-photon enhanced luminescence (TPL), dark-field mode microscopy, transmission electron
microscopy (TEM), optical coherence tomography (OCT), and OAT. Among the optical imaging
technologies, fluorescence imaging is a desirable modality for early cancer detection due to its low cost,
high sensitivity and high spatial resolution. Gold nanorods are considered as ideal contrast agents for
OAI due to their strong surface plasmon absorption in the NIR region, where tissue absorption in this
region is rather low. Gold nanorods have great potential for both in vitro and in vivo OAI [136] and have
been studied by a few researchers.

Experimental studies carried out OAI in mice found that gold nanorods can significantly enhance
differences in signal intensity with low concentration gradients [137]. Further studies used antibody-
conjugated gold nanorods for in vivo breast cancer in OAI [138]. In addition, the ability of silica coatings
on gold nanorods to increase the signal-to-noise ratio of OAI has been compared with uncoated gold
nanorods [139].

3.5. Conclusions

In this chapter an overview of the optical properties of different kinds of nanoparticles for applications as
contrast agents for in-vivo optical-based diagnostic techniques has been presented. Generally, the
characteristics of nanoparticles allow a preferential accumulation within cancerous tissues instead of
healthy tissues, with the aim of providing enhanced image contrast.

The optical properties of the CNTs depend on the different angles and curvatures of their structure and on
their number of rolls. The absorbance profile of the nanoparticles has been identified as the key tool to
identify the resonance peaks in the electromagnetic spectrum. In particular, the optical absorbance of the
DWCNTs in the visible and NIR spectra has been shown. The absorption peak of DWCNTSs occurs at ~
300 nm, which is far away from the wavelengths applied in this thesis.

Similarly, the molecular structure of graphene-oxide nanoparticles improves their absorption in the same
range of wavelengths. Since both these nanoparticle structures do not exhibit absorption peaks in the NIR
range, they need to be used in larger concentrations if compared to the gold nanorods structures, which
are more selective and tunable in the NIR range.

In this regard, the growing interest in the use of nanostructures for biomedical applications has stimulated
the development of new techniques for the synthesis of gold nanorods, allowing them to be manipulated
in both size and geometry with the aim to achieve certain optical properties. The gold nanorods have been
shows as versatile nanostructures with rod-like shape for optoacoustic applications, due to their selective
high absorption peaks in the visible and NIR ranges. The other presented advantage of gold nanorods
nanoparticles when compared with other nanostructures is that they can be applied as localized absorbers
for improved phototherapy based on hyperthermia treatment.

The concepts of transverse and longitudinal surface plasmon (i.e. their absorption peaks) have been
shown, remarking how they are dependent on the aspect ratio of gold nanorods. According to Gans’
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theory, the extinction coefficient of randomly oriented ellipsoidal- or rod-shaped particles has been
modelled. The constant relations of the wavelength LSP peak with both the aspect ratio of gold nanorods
and the dielectric constant of the surrounding medium have been discussed.

The nanoparticles presented will be applied in the next chapter to generate optoacoustic signals using high
power diode laser sources operating at 870 nm, 905 nm, and finally 972 nm.
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Chapter 4

Development of a multi-wavelength system based on
high-power diode laser sources for optoacoustic signal
generation with nanoparticles

4.1. Introduction

In Chapter 1 it has been asserted that pulsed HPDLs are a potential and cheaper alternative to solid state
lasers for the generation of optoacoustic signals, due to their low cost, small size and high repetition rates.
In addition, it has been discussed that their limitations in optical power can affect the strength of the
optoacoustic signals. In this regard, the amount of optical power can be increased by arranging several
HPDLs in side-by-side arrays. Diode lasers are available in the market in a wide range of wavelengths but
there are a few pulsed HPDLs. Multi-wavelength laser sources are important in some optoacoustic
applications that require the spectroscopic characterization of the tissue chromophores. The principles of
optoacoustic signal generation have been introduced in Chapter 2 and will be applied in this chapter to the
experiments. In the previous chapter, some different kinds of nanostructures and nanoparticles have been
introduced with their physical characteristics and optical properties, discussing their applicability to OAL
The work presented in this chapter is dedicated to the design of a multi-wavelength optoacoustic system
based on pulsed HPDL sources. The progress of our optoacoustic setup will be described step-by-step,
showing some experimental results achieved by using nanoparticles (see Chapter 3) as absorbers to
generate optoacoustic signals. As it has been shown in the previous chapter, the DWCNTSs and graphene
oxide nanoparticles do not show absorption peaks in the NIR range, but they are useful to achieve
valuable results. The crucial point of this chapter will be reached with the experiments on gold nanorods,
whose advantage is due to a tunable absorption peak in the NIR range.

The layout of this chapter is organized as follows: first of all, it will be shown our early setup consisting
of small arrays of HPDLs sources with respective emission at 870 nm and 905 nm, illuminating a solution
of DWCNTs hosted in a tissue-like cylindrical phantom to generate optoacoustic signals. Then, the
principles of light coupling of HPDLs into optical fibers, which are joined all together forming a fiber
bundle built in-house, will be shown for a successive improvement of the optoacoustic setup. With this
setup, optoacoustic signals will be generated with graphene-based (at 905 nm only) and gold
nanoparticles solutions (at both wavelengths) hosted in phantoms. The optoacoustic signals generated
with DWCNTs will be compared to those generated with an ink solution. The results will show low
optoacoustic signals with DWCNTs (~5 mV), which is mainly due to their low concentration (0.1
mg/ml). In the case of graphene, the amplitude of the optoacoustic signals is significantly improved (~25
mV), due to a much higher nanoparticles concentration (i.e. 25 mg/ml). However, in the case of gold
nanorods the optoacoustic signal amplitude is much higher (~50/60 mV), even though the concentration is
low (i.e. 0.8 mg/ml), due to their high absorption peaks at the wavelengths of our interest. Subsequently,
the optoacoustic system will be further improved including a microcontroller to electronically alternate
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the pulses between the two wavelengths in order to determine the absolute concentrations of some gold
nanorods solutions hosted i quartz cuvette. This expeniment would be useful 1n real QAT applications to
detect and quantify the presence of chromophores with the help of contrast agents (1.e. gold nanorods).
Results will show a maximum observational error of 2.76 % from the expected values. Fnally, 1t will be
discussed that this value can be further reduced by adding a third wavelength to the optoacoustic system.
In this regard, a 972-nm DLB will be added to the system to reduce the margin of error to 1.34 %. In
Appendix A, more details about the physical principles of the diode laser devices and their functional
charactenistics for optoacoustic applications will be presented.

4.2. Optoacoustic setup

In this section, the different steps related to the development of the optoacoustic system based on HPDLs
are described. The initial excitation system was composed of two synchronized pairs of pulsed HPDLs
operating at 870 nm (L.11348-330-04, Hamamatsu Photonics K K.} and 905 nm (SPL PL90 3, OSRAM
Opto Semiconductors GmbH), respectively. Each HPDL was pulsed by a diode laser dover (PCO-7120,
IXYS Colorado). The emutting area 15 300 pm x 10 pm 1 870-nm HPDLs and 200 ym x 10 um in 905-
nm HPDLs. The HPDLs have been combined to increase the total power delivered to the absorber, but
also to enhance the signal-to noise ratio (SNER) of the optoacoustic signals. Table 4.1 summanzes the
charactenistics of HPDLs used in our expenments.

Table 4.1. Characteristics of the §70-nm and 205-nm HPDLs.

Characteristics 870-nm HPDL 005-nm HPDL

Peak power (max) 0w 0w
Forward current (max) 35A 40 A

Pulse width (max) 100 ns 100 ns
Duty cycle (max) 0.075% 0.1%
Wavelength (typ.) 870 nm 905 nm

Aperture size 300 pmx 10 pm § 200 pm = 10 pm
Divergence angles 107, 24° g° 25°

4.2.1. Light coupling with lens tubes

In order to focus the laser hight into the target (1.e. an optical phantom) in which the absorbing inclusions
(1.e. ink and DWCNTSs) have been located, a lens system composed of a collimating lens (effective focal
distance fzrr; = 6.24 mm) and a focusing lens (effective focal distance frp; = 40 mm) with anti-reflection
coating (600-1050 nm) has been used. Thus, 1n accordance with the optical magnification law (M =
Jempfemm = 6.4), the light spots incoming on the phantom surface had an area of 1920 pm * 64 pm and
1280 pm * 64 pm, respectively at 870 nm and 905 nm. A simple schematic of the measurement setup
used for the measurements with DWCNTs embedded m a tissue-like phantom 1s 1llustrated 1n Figure 4.1.
Figure 4.2 shows the HPDLs combined in a semi-circular arrangement to illuminate the absorbing sample
in the middle of the phantom. The charactenistics of the lens system used in the optoacoustic setup are
summarized in Table 4.2
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Figure 4.2. Block of four HPDLs in a semicircular configuration.

Table 4.2. Characteristics of the lens system used in the optoacoustic setup
with the corresponding magnification.

Component Focal length | Magnification
Collimating lens 6.24 mm o4
Focusing lens 40 mm

4.2.2. Light coupling into optical fibers and fiber bundle

The lens tubes of the previous section (Fig. 4.2) do not provide a stable alignment and need to be replaced
with more stable optical fiber connections to be applicable in a realistic scenario. This optical
configuration necessitates an improvement to ensure that the samples are uniformly illuminated with
synchronized pulses. In addition, the beam coupling of HPDLs into optical fibers is necessary for both
endoscopic and free space optoacoustic applications, due to their versatility and practicability. The new
design presented in the following makes use of optical fibers collected in fiber bundles to couple the light
of the HPDLs. A sketch of beam coupling of a HPDL into an optical fiber is illustrated in Figure 4.3.

Individual lens systems formed by a collimating lens (effective focal length fzr; = 6.24 mm) and a
focusing lens (fzr» = 3.1 mm) with anti-reflecting coatings (600-1050 nm) have been used to couple the
light emitted by each HPDL into the optical fibers (Fig. 4.3) using a three-axis translation mount
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(CXYZO05, Thorlabs Inc.) to ensure optimum alignment (Fig. 4.4). With this coupling arrangement, a
magnification M, = fgro/fer = 0.5 in both axes was achieved. The lenses have an aspheric surface to
correct the aberrations of focusing. With this new scheme, the output of each HPDLs has been combined
side-by-side using a fiber bundle produced in-house, composed of seven multimode optical fibers
(FT200EMT, Thorlabs Inc.), each with a 200-um-core diameter and the numerical aperture (NA) of 0.39.

Collimating lens

Focusing lens
- ~
~ \\.,
/'/ S m o
& Colli be o ><
) {'“,a\ ollimated beam /‘:‘x‘_‘ ;_\,\»{‘ > /,/ 5
Diode laser ™ -
e - Optical fiber
- /
A

5

Figure 4.3. Scheme of light coupling of diode laser light into an optical fiber.

[Optical fiber [Translation

connector

Diode laser and Laser diode
coupling lens in a tube driver circuit

Figure 4.4. Coupling system consisting of two lenses and a three-axial translator used to optimize the beam
coupling of each HPDL into the optical fiber. Light coming out from the lens system, located in the tube, is
focused on the optical fiber after position adjustment.

Figure 4.5 shows a fiber bundle composed of seven optical fibers, from the top view and seen under a
microscope. During the fabrication process of the fiber bundles, the fibers have been first connectorized
using epoxy and afterwards cleaved using ruby scriber and polished. Two fiber bundles have been
fabricated with output diameter of 675-um and 1.2-mm, composed of 200-um and 400-um optical fibers
(N.A. = 0.39), respectively. Figure 4.6 shows a front view of an array of HPDLs coupled to optical fibers
by means of xyz translation mounts.

The single optical pulses emitted by the HPDLs have been previously synchronized at both wavelengths
before measurements (Fig. 4.7). The optical pulses of the HPDLs have been measured individually at the
output of the optical fiber bundle. Successively, the optical pulses have been measured for all three
HPDLs operating all together. The amplitudes of the optical pulses have been normalized to their
maximum values in order to simplify the comparison. The combined optical pulses in Figure 4.7 have the
same shape, the same rise and fall times of the individual HPDLs. The output signal from each HPDL has

40



been perfectly overlapped in time and the output power was the addition of the power of the individual
diode lasers. In Appendix B the coupling efficiencies of 870-nm and 905-nm HPDLs into a 600-pm
endoscopic fiber will be shown.

@ 905 nm ® 870 nm

@ Unused

Figure 4.5. Fiber bundle with 675-pm diameter composed of seven 200-pm optical fibers: (a) before being
mounted, (b) output end of the fiber bundle seen under a microscope (the positions of the optical fibers are
symmetrical between the two wavelengths to ensure uniform illumination of the sample).

Figure 4.6. The beam emitted by the HPDLs is coupled side-by-side into optical fibers with variable core
diameter by collimating and focusing lenses in a xyz translator mount.

Fiber bundle normalized output power at 870 nm Fiber bundle normalized output power at 905 nm
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Figure 4.7. Synchronization between pulses of a) three 870-nm HPDLs and b) three 905-nm HPDLs.

At the output of the fiber bundle, the light beam had a circular shape but still diverged; hence, a
secondary lens system has been used to properly focus the light beam into a spot (Fig. 4.8). This lens
system has been properly chosen to minimize the power losses (collimating lens fzr3; = 2 mm, focusing
lens frr4a = 25.4 mm) with anti-reflection coating (600-1050 nm). Consequently, the circular light spot

41



emerging from the fiber bundle has been magmfied. with M7 = fi/fs = 12.7. The characteristics of the lens
systems used in the optoacoustic setup are summarized in Table 4.3.

a) %) . —-"I_.-E---';. i
Figure 4.8. (a) A secondary lens system used to properly focus the light beam into a spot; (b) Image of the

light spot (~ 3 1:|1|112] in the focal plane. The calculated spot area is ~ 1.2 mm’, but it is actually larger due to
the distance between the optical fibers in the bundle.

Table 4.3. Characteristics of the lens systems used in the optoacoustic setup
with the corresponding magnifications.

Component Focal length Magnification
Collimating lens 1 6.24 mm 0s
Focusing lens 1 3.1 mm
Collimating lens 2 2 mm 7
Focusing lens 2 254 mm ’

Figure 4.9 shows the optoacoustic setup used for the measurements with graphene-based nanoparticles
embedded in an optical phantom. In a successive step, the same setup will be used for experiments with
gold nanorods nanoparticles.

Pulse shot
T Pulze penerator
‘ synchromization e
F \
(|
Optical phantom with
graphene inchusion

41 AB pre-amplifier rl"ﬁa""':fr

Hizh power dicde lazers = drivers +
lenses- opiical fibers +hundle

Figure 4.9. Schematic of the optoacoustic setup used for graphene-based inclusions.

4.3. Optoacoustic experiments

In this section, some expenimental results with different kinds of nanoparticles (see Chapter 3) are
evaluated. As first approach. a solution of DWCNTs with low concentration is used as optical absorber.
Afterwards, graphene-oxide nanoparticles and gold nanorods are used in successive measurements steps.
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4.3.1. Optoacoustic signals generated with double-walled carbon nanotubes

In this section, following the setup description of section 4.2.1, simple lens tubes are used to focus the
light of 870-nm and 905-nm HPDLs into solutions of ink and double-walled carbon nanotubes
(DWCNTSs) hosted in optical phantoms for the generation of optoacoustic signals.

An optoacoustic system based on HPDLs at 870 nm and 905 nm 15 assembled to generate ultrasound
signals from a DWCNTs solution (0.1 mg/ml 1n distilled water) arranged inside a tissue-like phantom,
mimicking the scattering of a biological soft tissue (1e. breast). Optoacoustic signals obtained with
DWCNTs inclusions are compared with the case of mk-filled inclusions (0.7 % in distilled water) with
the aim to assess their absorption. These measurements are done at 870 nm and 205 nm by using HPDLs
as light sources. The results show that., depending on the absorption coefficients of the substances, the
optoacoustic signal 1s relatively high when the inclusion 1s filled with ink and appreciable with DWCNTs.

4.3.1.1. Phantom preparation

Ultrasound phantoms typically mumic the acoustic properties of tissues, in terms of the speed of sound,
absorption, and scattering [140, 141]. Normally, a tissue-like phantom 1s a composition of distilled water
and gelatin, mixed with a scattenng material. For our expeniments, a 5.4-cm diameter cylindrical phantom
made with a composition of 90% of neutral gelatin (translucent at optical frequencies) and 10% of agar
(as a scattering material) diluted with distilled water (Fig. 4.10) 1s used. In this way, the scatterers of the
agar suspended inside the phantom mimic the biopsy targets, making the measurements closer to the
reality. After preparation process. 1 g of food preservative has been added to prevent the phantom from
being attacked by bacteria and fungus within a short time. Table 4.4 summarizes the charactenistics of the
tissue phantoms.

Figure 4.10. A tissue-like cylindrical phantom composed of 10% of agar and 90% of neutral gelatin, diluted
with distilled water: a) direcily after preparation, and b) with a 2 mm > 30 mm (diameter x height) ink-filled
inclusion.

Table 4.4. Characteristics of the tissue phantoms.

Characteristics Value
.. 10% agar-agar
Composition 00% selatin
Size (Area x height) 220 % 40 com’
Volume of the hole filled with 60 3
. mm
sample solution
Hole diameter 2 mm
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4.3.1.2. Determination of the absorption coefficients

The absorption coefficients g, of the absorbers have been calculated using the following equation:
-1
Hass =F111{Jiﬂ;,,,‘s ! B )- (4.1)

where d 1s the absorber thickness, P 1s the average power transmitted through the absorber. and P

15 the maximum average power detected without the absorber. Eq. (4.1) neglects the contribution of
optical scattering within the sample. Table 4.5 shows the estimated values of the absorption coefficients
of black ink (0.7 %) and DWCNTs (0.1 mg/ml) using Eq. (4.1) at both 870 nm and 905 nm. As shown m
Table 4.5, the absorption coefficient of black ink 1s sigmificantly higher than DWCNTs at both
wavelengths. The estimated absorption coefficients of DWCNTSs (0.1 mg/ml) are approximately 5.6% and
5.7% of black ink at 870 nm and 905 nm, respectively. Nevertheless, these values demonstrate that
DWCNTs have an appreciable absorption when they are embedded in a soft phantom, although the
contnibution from scattering 1s not resolved here.

Table 4.5. Estimated absorption coefficients of black ink and DWCNTs.

Absorption coefficient

Inclusion 870 nm 905 nm
substance

Black ink (0.7 %) 6.50 e 6.82 co™

DWCNTs (0.1 mg/ml) 037 cm™ 039 cm™

4.3.1.3. Results and discussion

Pulse widths between 50 ns and 100 ns are used by steps of 10 ns and with a repetition rate of 1 kHz. The
total energy per pulse delivered on the phantom by each couple of HPDLs was 8 pJ and 16 pJ for a pulse
width of 50 ns and 100 ns. respectively. Consequently, the total energy density per pulse (with two
HPDLs combined) at 870 nm was ~ 65.10 pJ/mm” and 130.20 pJ/mm” for a pulse width of 50 ns and 100
ns. respectively. Similarly. the total energy density per pulse at 905 nm was ~ 97.66 pJ/mm” and 195.31
uJ/mm® for a pulse width of 50 ns and 100 ns, respectively. Table 4.6 summarizes all the characteristics of
the optical pulses applied at 870 nm and 905 nm. A 2-mm-diameter absorber inclusion embedded in the
middle of the phantom has been used to generate the optoacoustic signals. A 1-MHz acoustic transducer
(V303, Olympus Corp.) has been used to detect the optoacoustic signals generated. The output from the
transducer was amplified 40 dB and subsequently visualized on the oscilloscope.

The optoacoustic signals generated by the absorbers have been excited with pulse widths varying from 50
to 100 ns. with the aim to evaluate the increase of the optoacustic signal. The repetition rate was 1 kHz in
each case and the duty cycle varied between 0.005% and 0.01%. In Figure 4.11, the optoacoustic signal
generated by 870-nm excitation using a 2-mm black mk imnclusion (g, =6.59 em™') 1s depicted. The
amplitude vanes from 6.0 mV (at 50 ns) to 11.2 mV (at 100 ns). In Figure 4.12, the optoacoustic signal
generated by 905-nm excitation usmg a 2-mm black mk inclusion (g, =682 em™) is considerably
higher than the previous case, varying from 8.6 mV (at 50 ns) to 17 mV (at 100 ns). We can attribute this



increase primarily to a considerably higher energy density at 905 nm, compared to 870-nm excitation (see
Table 4.6), and in addition to a slightly higher absorption coefficient of ink at 905 nm.

Table 4.6. Characteristics of the optical pulses used for excitation of optoacoustic signals at 870 nm and 905
nm, respectively.

Parameter 870-nm HPDLs 905-nm HPDLs
Pulse width 50+ 100 ns 50=100 ns
Repetition frequency 1kHz 1 kHz
Duty cycle 0.005= 0.01% 0.005= 0.01%
Total pulse energy 8=16pt =16
Total average power 8+ 16 mW 8+ 16 mW
Light spot area 1920 pm * 64 pm 1280 pm * 64 pm
Total pulse energy 651 =1302 97.66 = 19531
density ul/mny’ W/mm?
Total peak power 160+ 320 W 160 = 320 W
delivered to sample

Figure 4.13 shows the optoacoustic signals detected by using a 2-mm inclusion of DWCNTs (0.1 mg/ml),
when a couple of 870-nm HPDLs have been used as a pulsed light source. The optoacoustic signal varies
from 2.8 mV (at 50 ns) to 4.4 mV (at 100 ns). Evidently, the DWCNTs produce an optoacoustic signal
with a much lower energy (which 1s directly proportional to the optoacoustic signal voltage) than ink
does. This 1s to be expected, because ik 1s a very strong absorber, but it 1s nonetheless a very
encouraging result that an optoacoustic signal can be also detected using a turbid medium with a DWCNT
inclusion. As in the previous measurements with ink, Figure 4.14 confirms that the optoacoustic signal
exhibits higher peaks using the HPDLs emitting at 905 nm, which 1s not surprising as these lasers produce
pulses with significantly higher energy density. The optoacoustic signal varies from 3.4 mV (at 50 ns) to
54 mV (at 100 ns). As shown in Table 4.5, DWCNTs have an absorption coefficient of

1

Hpweny: =037 cm™ at 870 nm and of Hpweny: =0.39 cm'at 905 nm. hence, it is possible that the

slightly enhanced absorption at 905 nm also contributes to a stronger optoacoustic signal.
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Figure 4.11. Optoacoustic signals from an ink-filled phantom generated by a couple of 870-nm HPDLs.
The signal amplitude becomes appreciably sironger increasing the pulse width from 50 ns to 100 ns [142].
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Figure 4.12. Optoacoustic signals from an ink-filled phantom generated by a couple of 905-nm HPDLs. The
signal amplitudes are appreciably higher than those achieved by using 870-nm HPDLs [142].
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Figure 4.13. Optoacoustic signals from a DWCNT-filled phantom generated by a couple of 870-nm HPDLs.
The signal amplitude becomes slightly stronger increasing the pulse width from 50 ns to 100 ns [142].

Comparing Figures 4.11-4.14, it can be asserted that the optoacoustic signals are stronger at 905 nm,
primarily due to the higher energy density of the excitation pulses. The maximum peak-to-peak voltage
observed using the black ink is 17 mV for 905-nm excitation and 11.2 mV for 870-nm excitation. The
time of flight (TOF) in all the experiments is around 16 ps. The TOF corresponds to the time taken by the
optoacoustic signal to travel from the absorber inclusion to the transducer surface. In Figures 4.11-4.14 it
corresponds to the time gap between the trigger signal, which is an electromagnetic noise synchronized
with the pulse shot, and the peak of the first optoacoustic signal. Table 4.7 summarizes the optoacoustic
signals detected at 870 nm and 905 nm using ink and DWCNTs inclusions with a pulse width of 100 ns.
Table 4.7 shows that the optoacoustic signals achieved with DWCNTs represent ~ 39% and ~ 32% of
those achieved with black ink at 870 nm and 905 nm, respectively. Figures 4.15 and 4.16 illustrate the
rise in amplitude of optoacoustic signals by increasing the pulse width (and consequently the energy per
pulse). It can be noticed how the ink-filled inclusions generate much higher optoacoustic signals than
DWCNTs. The weak response of DWCNTSs can be enhanced by combining more HPDLs.
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Figure 4.14. Optoacoustic signals from a DWCNT-filled phantom generated by a couple of 905-nm HPDLs.
The signal amplitude becomes slightly stronger increasing the pulse width from 50 ns to 100 ns [142].
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Figure 4.15. Variation of optoacoustic signal amplitude as a function of the pulse width applying 870-nm
excitation to: ink-filled (blue) and DWCNT-filled (red) inclusions [142].
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Figure 4.16. Variation of optoacoustic signal amplitude as a function of the pulse width applying 905-nm
excitation to: ink-filled (blue) and DWCNT-filled (red) inclusions [142].
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Table 4.7. Maximum optoacoustic signals achieved at 870 nm and 905 nm with a pulse width of 100 ns.

Maximum optoacoustic
signal achieved with 100-
ns pulses
Inclusion 870 nm 905 nm
substance
Black ink (0.7%) 11.2 mV 17 mV
DWCNTs (0.1 mg/ml) 4.4 mV 54 mV

4.3.2. Optoacoustic signals generated with graphene-based solutions

In this section, the light beam of three 905-nm HPDLs has been coupled to optical fibers that were
assembled in a fiber bundle, following the steps reported in section 4.2.2. For the moment, only three
HPDLs operating at 905 nm are used for fiber coupling into optical fibers, but in the successive works
three more HPDLs of 870 nm will also be used. The coupled light of each HPDL was focused on an
absorber consisting of graphene-based nanomaterials (graphene oxide, reduced graphene oxide, and
reduced graphene-oxide/gold-nanoparticle hybrid, respectively) diluted in ethanol and hosted in slightly
scattering optical phantoms [64]. The optoacoustic signals generated from each solution are compared and
it is shown that graphene-based nanomaterials are good candidates as contrast agents in biomedical
applications. The excitation system was composed of three pulsed HPDLs operating at 905 nm, whose
beams have been synchronized and coupled into a 675-um fiber bundle composed of seven 200-pum
optical fibers (Fig. 4.17).

Figure 4.17. Light emitted by each HPDL is coupled to a 200-pm-core optical fiber by collimating and
focusing lenses in a xyz translator mount: (a) Side view; (b) Top view.

4.3.2.1. Phantom preparation

Figure 4.18 shows a sample of a tissue phantom used in our experiments, which is composed of 10% of
agar-agar (as a scattering medium) and 90% of neutral gelatin. The compound of these two materials
gives a semi-transparent medium that can mimic an ideal soft tissue. The size of the phantoms is ~ 5.2 x
5.2 x 3.3 em’® with blunt edges, and the size of the central hole is ~250 mm’. Table 4.8 summarizes the
characteristics of the tissue phantoms.
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Figure 4.18. Optical phantom used in the experiments: a) Top view; b) Side view.

Table 4.8. Characteristics of the tissue phantoms.

Characteristics Value
.. 10% agar-agar
Composition 00% gelafi
Size (Side x side x height) 52%x52x33 e’
Volume of the hole ﬁﬂﬂd with 250 mut®
sample solution
Hole diameter 4 mm

4.3.2.2. Determination of the attenuation coefficients

In this section, the charactenization of the attenuation of the optical phantoms and graphene-based
solutions used for our optoacoustic measurements i1s reported. Graphene-based nanomatenials are
generating high interest for vanous biomedical applications [143-146], including their use as contrast
agents for OAI [147-151]. For our studies, three graphene-based products distributed 1n powder form
(NanoInnova Technologies SL) have been chosen: monolayer graphene oxide (GO). reduced graphene
oxide (rGO) with oxygen to carbon ration of ~0.14, and reduced graphene oxide-gold nanoparticle hybnd
(rGO(@Au). with the gold content of ~2 wt% and an average size of gold nanoparticles of ~27 nm_ It
should be emphasized that none of the prior studies used diode lasers for excitation of optoacoustic
signals in graphene-based nanomatenials. The central hole in the phantom shown in Figure 4.18 1s filled
with GO, rGO. and rGO@Au. respectively. for three different measurements. Each graphene-based
nanomaterial 1s dispersed in ethanol at the concentration of 25 mg/ml. The following parameters have
been chosen for the experiments: pulse duration T, = 70 ns. repetition rate F; = 1 kHz. and peak current of
35 A_ The absorption coefficient has been calculated by analyzing the measurements of optical power
transmutted through: a) the tissue phantom alone, b) the tissue phantom filled with graphene-based
solutions in a 4-mm-diameter hole, respectively, and applying the Beer-Lambert law. To measure the
average incident and transmitted optical power, a power sensor (S120C from Thorlabs Inc.) has been
used.

4.3.2.2.1. Characierization of phaniom affenuation

A phantom 1s an attenuating medium mimicking a soft biological tissue in both absorption and scattering
properties. The absorption and scattering coefficients u (cm™) and b, (cm™) are important parameters
of biological tissues that describe the light attenuation due to absorption and scattering effects,
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respectively. In an optoacoustic experiment environment, the absorption coefficient depends on the
combined charactenistics of the chromophore and the biological tissue under study, while the scattering
coefficient strongly depends on the turbidity of the biological tissue. In our case, since the total light
power emitted from the three diode lasers 1s relatively low, a low scattering phantom with only 10% of
agar-agar as scattering component has been chosen. The total attenuation coefficient of the phantom

Mo pha (cm™) contains contributions from both the absorption Habs  pha and scattering u

sca_ pha
coefficients, as follows:

Jumft_pirﬂ :J”'abs_pha +a'[{.sm_pha - (42)
The attenuation coefficient of the phantom u_, pha has been calculated using the following equation:
-1 P
P _pha = — lﬂ( £he ] . 4.3)
pha Pdl'rm

where dp, 15 the lateral size of the phantom (dpw = 5.2 cm). Py, 1s the average optical power transmitted
through the phantom (Ppre = 1.77 = 0.04 mW), and Pgr 1s the direct power from the fiber bundle to the
power sensof (P, & 11.6 mW). Assuming that the absorption coefficient of the phantom at 905 nm 1s

Haps pha = 0. since it is not an absorbing medmum, fy ppg & Mg pha = 0.36220.004 em

4.3.2.2.2. Characierization of graphene attenuation

The evaluation of the absorption coefficient u graphene of graphene-based solutions 1s a preliminary

step before proceeding with the optoacoustic signal analysis. By illuminating the graphene-based
solutions inside the phantom we can estimate the attenuation coefficient of the graphene/phantom
compound, and consequently the absorption of graphene-based solutions. Similarly to Eq. (4.2), the total

attenuation coefficient of the graphene/phantom compound u

att _graphens/ pha 1s given by the following

equation:

Han_grophensipha = Mabs _graphensipha T Msca_graphans! pha - (44)
where £, craphens/pha 39 Hira graphens/pha 3T€ the absorption and scattering coefficients, respectively.
Since the graphene-based solutions are poor scatterers ( Hicn sraphens ™ 0), we will obtain that
Hica eraphens/pha = Msca_pha - 11 addition, since the phantom 1s a poor absorber (2, pha =0), we get

Habs graphene/pha ™ Mabs _graphene Consequently, the total attenuation coefficient 1s given by the following

equation:
#ﬂﬂ_mkmsfpﬁa = Juab.s _ graphens + J'H.s::a_pka = (45)
Eq. 4.5 can be rewritten as:
P
graphene! pha 1 1
Hai hene/ pha =~ — In [ + e (4.6)
~SEeE Firect eraphene A pha
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where Poaprenepna 15 the average optical power transmitted through the phantom when the hole 1s filled
with GO, 1GO. or rtGO@Au solutions. while depren. = 4 mm and dpp’ = 4.8 cm are the diameter of the
hole filled with graphene-based solution and the lateral size of the phantom material without counting the
hole, respectively. Hence, we can easily calculate the absorption coefficients of the graphene-based

solutions from Eq. (4.5), considering that 4., ;, 0.362+0.004 cm™ . as previously calculated.

Table 4.9. Average optical power transmitted through the optical phantom with the
graphene-based solutions inside and the corresponding absorption coefficients at 905 nm.

Solution in Average transmitted Absorption
phantom power (W) coefficient {cm’l}
1GO@An 2285254 1653031

GO 1672270 1740046
1GO 1230=118 1818026

The measured average optical power transmitted through the phantom when 1t 1s filled with the graphene-
based solutions and the corresponding absorption coefficients at 905 nm are shown in Table 4.9 (mean
value and standard deviation). As expected, the absorption coefficient has the highest value for 1GO, and
the lowest value for rtGO@Au. The latter result 1s associated with the fact that at a fixed concentration of
25 mg/ml, the rGO(@Au sample contains the smallest amount of the graphene-based nanomatenal.

4.3.2.3. Results and discussion

For all the optoacoustic measurements, a pulse width of 70 ns and a repetition rate of 1 kHz (duty cycle of
0.007%) have been used. Assuming rectangular 70 ns pulses, the triplet of HPDLs provided a total pulse
energy of ~11.6 pJ to the sample (average power measured at the output from the fiber bundle Py, ~11.6
mW). Accordingly. the total pulse energy density was ~ 3.9 pJ/mm” and the total peak power delivered to
the sample was ~166 W. The light beam incident on the absorbing sample generated optoacustic signals
that have been detected by a 1-MHz acoustic transducer and then amplified by a 40-dB amplifier to be
visualized on the oscilloscope. The calculated light spot at the focal plane had a circular area of ~1.2
mm’. but the real spot focused on the sample was ~ 3 mm”. Table 4.10 summarizes the characteristics of
the optical pulses used for excitation of optoacoustic signals.

Table 4.10. Characteristics of optical pulses nsed for excitation of optoacoustic signals.

Parameter Value
Pulse width 70ns
Repetition frequency 1kHz
Duty cycle 0.007%
Total pulse energy 11.6 uJ

Total average power 11.6 mW
Light spot area 3 mm”

Total pulse energy density 3.9 pl/mm°
Total peak power delivered to sample | 166 W (efficiency 63%)
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The optoacoustic signals detected from the graphene-based solutions hosted in tissue phantoms are
discussed. As specified in section 4.3.2.1, the phantoms are composed of 10% of agar-agar (as a
scattering material) and 90% of neutral gelatin when a triplet of HPDLs emitting at 905 nm is applied as a
light source. Figure 4.19 shows the optoacoustic signals measured for rGO@Au, GO, and rGO,
respectively. Each graphene-based nanomaterial has been diluted in ethanol at the concentration of 25
mg/ml. The optoacoustic signals have been low-pass filtered using a boxcar filter. It is introduced a new
parameter, i.e. the optoacoustic sensitivity (V/W), which is the ratio between the minimum optoacoustic
signal over the floor noise level (referenced as 3 mV) and the minimum average optical power required to
get an optoacoustic signal. In Table 4.11, the optoacoustic signal amplitude and the optoacoustic
sensitivity for each graphene-based solution (mean value and standard deviation) are shown. As expected,
the optoacoustic sensitivity increases in step with the absorption of the graphene-based solutions given in
Table 4.9. The relatively high absorption achieved with these graphene-based solutions demonstrates that
they can serve as optoacoustic contrast agents. Another interesting aspect of our study is that the HPDL
system implemented in this work is capable of achieving reasonably high optoacoustic signals with
relatively small light spot sizes (~ 1.2 mm?). Therefore, it will be possible to select very small areas of
biological tissues for a high-resolution OAL

OA signals generated from rGO@Au, GO, and rGO samples (25 mg/ml) in phantoms
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Figure 4.19. Optoacoustic signals generated respectively from rGO@Au, GO, and rGO solutions diluted in
ethanol (25 mg/ml) and hosted in the hole of optical phantoms composed of 10% of agar-agar and 90% of
gelatin.

Table 4.11. Optoacoustic signals (peak-to-peak) measured from the graphene-based solutions.

Solution in Optoacoustic Optoacoustic
phantom signal (mV) sensitivity (V/W)
rGO@Au 21.8 2.49 +0.03

GO 24.1 2.56 +0.04
rGO 25.6 2.66 + 0.05

4.3.3. Optoacoustic signals generated with gold nanorods in soft phantoms

In this section it is shown the optoacoustic response of two solutions of gold nanorods dispersed in
distilled water (0.8 mg/ml) and hosted in tissue-like phantoms. Similarly to the previous sections, small
arrays of HPDLs at 870 nm and 905 nm have been used as excitation sources coupled to a 7-to-1 optical
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fiber bundle with core diameter of 675 pum, following the steps reported in section 4.2.2. Each solution of
gold nanorods exhibits an absorption peak close to the operating wavelength, 1.e. ~860 nm and ~900 nm,
respectively, to optimze the generation of optoacoustic signals. The phantoms were made of agar,
intralipid and hemoglobin to simulate a soft biological tissue with reduced properties of scattering. Three
holes with different diameter (1.e. 1 mm, 2 mm, and 4 mm) have been done in the phantoms at different
depths (1.e. 0.9 cm, 1.8 cm, and 2.7 cm) to be filled with gold nanorods. In this way, optoacoustic signals
with appreciable signal-to-noise ratio (SNR) have been generated at different depths in the phantoms. The
high optoacoustic response exhibited by gold nanorods suggests their application in OAS as exogenous
contrast agents to detect and monitor emerging diseases like metastasis and arteriosclerotic plaques.

4.3.3.1. Absorbance characterization of gold nanorods

The absorbance spectrum of two pure solutions of gold nanorods with respective absorbance peak
(0O.D=20) at ~ 860 nm and ~ 900 nm is charactenzed over the spectral range between 410 and 1100 nm
(Fig. 4.20) by using a spectrophotometer (Lambda 14P, Perkin Elmer Inc.) and considering a path length
of 1 cm in a fused quartz cuvette. The main characteristics of the gold nanorods are reported 1n Table
4.12. We call NP1 the gold nanorods with absorbance peak at ~ 860 nm_ and NP2 the gold nanorods with
absorbance peak at ~ 900 nm. The absorbance at 870 nm and 905 nm, calculated from the measured
spectra (Fig. 4.20), 15 ~19.89 and ~19.97, respectively.

Absorbance spectra of gold nancrods O.D. = 20

20} ——— NP1
15}

10F

Absorbance (a.u.)

D 'l A A L L 'l
400 500 600 700 800 900 1000 1100

Wavelength (nm)

Figure 4.20. Absorbance specira of two colloidal solutions of gold nanorods (0.D. = 20) with peak at: ~ 860

nm (blue line) and ~ 900 nm (red dots). The solutions have been diluted with a factor of 20 before
measurements.

The corresponding absorption coefficients can be calculated by the following equation [152], considering
that O.D. corresponds to the absorbance using a path length of 1 cm:

oy [cm‘l] -2303x0D., @7

which 1n our case are ~ 45.81 cm-1 and ~ 45.99 cm-1 at 870 nm and 905 nm, respectively.
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Table 4.12. Main characteristics of the gold nanorods.

Characteristics NP1 NP2
Width 10.8 £ 0.9 nm 11.7 £ 0.8 nm
Length 49.6 + 3.2 nm 56.3 £ 4.2 nm

Aspect ratio 4.6 4.8
Longitudinal peak 858 nm 900 nm
Transverse peak 513 nm 516 nm
Particle concentration 1.3 x 10" per ml 9.9 x 10" per ml
Mass concentration 0.9 mg/mL 0.8 mg/mL
(Au)

4.3.3.2. Results and discussion

For all the measurements, a pulse width of 95 ns and a repetition rate of 1 kHz (duty cycle of 0.0095 %)
have been used. Assuming rectangular 95 ns pulses, the two triplets of HPDLs provided total pulse
energies of ~ 12.45 pJ and ~ 12.17 pJ at 870 nm and 905 nm, respectively, to the gold nanorods solutions
chosen as samples. Wide optical pulses in proximity of the maximum ratings of the HPDLs (i.e. 95 ns)
have been used to optimize the energy per pulse delivered to the sample, since it is proportional to the
pulse width. A higher energy per pulse contribution would mean a better optoacoustic signal generation.
Table 4.13 summarizes the characteristics of the optical pulses used for excitation of optoacoustic signals.

Table 4.13. Characteristics of optical pulses used for excitation of optoacoustic signals at 870 nm and 905 nm,
respectively.

Parameter 870-nm HPDLs | 905-nm HPDLs
Pulse width 95 ns 95 ns
Repetition frequency 1 kHz 1 kHz
Duty cycle 0.0095% 0.0095%
Total pulse energy 12.45 pJ 12.17 ]
Total average power 12.45 mW 12.17 mW
Light spot area 3 mm” 3 mm’
Total pulse energy 4.15 pJ/mm’ 4.06 pJ/mm’
density
Total peak power 131 W 128 W
delivered to sample

The lens systems of Table 4.3 have been used for the measurements. The average power measured at the
output of the second lens system was ~ 12.45 mW and ~ 12.17 mW at 870 nm at 905 nm, respectively.
The light spot area was 3 mm” in both cases. Accordingly, the respective total pulse energy densities were
~4.15 pJ/mm* and ~ 4.06 pJ/mm’, and the total peak power delivered to the sample was ~ 131 W at 870
nm and ~ 128 W at 905 nm. The alignment between the light output, the phantom, and the piezoelectric
transducer is necessary to efficiently generate optoacoustic signals from the gold nanorods inclusions
(Fig. 4.21). One important aspect to consider prior to optoacoustic measurements is the characterization
of the optical scattering of the phantom. Table 4.14 shows the physical characteristics of the phantoms
and Table 4.15 reports their scattering coefficients at 870 nm and 905 nm, calculated with Eq. (4.3).
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Figure 4.21. Alignment between the light output, the phantom, and the piezoelectric transducer.

In principle, the combination of multiple HPDLs improves the optoacoustic signal-to-noise ratio (SNR),
following the formula:

SNR; = SNRs x N . (48)
where SNRr is the total signal-to-noise ratio, SNRs 1s the signal-to-noise ratio of a single HPDL, and N 1s

the number of devices. In our case N=3 for each of the two wavelengths. To calculate the SNR of the
optoacoustic signals detected, the following equation 1s used:

optoacoustic signal (an)) _ @9)

floor noise (mV)

SNRy 45, = 20log;,(SNR;) = 20log,, (

Table 4.14. Geometrical characteristics of the phantoms used in the measurements.

Characteristics Value
_ 60 % Agar, 10 % intralipid and
Material 30 % hemoglobin
Se 22x36x22cor
(Thickness x width x height)
Volume of the holes filled with 15 /60 / 240 mnr?
gold nanorods
Hole diameter 1 mm. ? mm and 4 mm

Table 4.15. Scattering coefficients of the phantoms at 870 nm and 905 nm. The values are 10-100 times less
than in the biological tissues [153].

- Scattering coefficient
Wavelength of phantoms

870 nm 1.03 con™

905 nm 1.18 cm™

To demonstrate the possibility of generation of detectable optoacoustic signals, three holes with different
diameters (1.e. 1 mm, 2 mm, and 4 mm) done in tissue-like phantoms at different depths (0.9 cm, 1.8 cm,
and 2.7 cm) have been filled with gold nanorods with absorption peak at ~ 860 nm and ~ 900 nm,
respectively (see section 4.3.3.1). The phantoms have been made of agar, intralipid and hemoglobin to
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mimic a soft biological tissue. Two sets of three HPDLs operating at 870 nm and 905 nm have been used
as excitation sources to detect optoacoustic signals from the gold nanorods NP1 and NP2, respectively.
Figure 4.22 depicts the optoacoustic signals generated from NP1 at 870 nm and the optoacoustic signals
generated from NP2 at 905 nm, considering the conditions reported in Table 4.13. The amplitudes of the
optoacoustic signals generated at each wavelength are reported in Table 4.16 for each inclusion and
exhibit the highest amplitude with the largest inclusion. Table 4.17 shows the maximum noise amplitude
at each wavelength. The signals keep an appreciable SNR (Table 4.18).

Table 4.16. Optoacoustic signals from gold nanorods in each inclusion. The inclusions are labeled with letters
A, B, and C.

Optoacoustic signal

Inclusion Size Depth 870-nm 905-nm

A 4 mm 2.7 cm 57.56 mV 65.15mV
B 2 mm 1.8 cm 32.11 mV 3591 mV
C 1 mm 09 cm 24.33 mV 26.55mV

Table 4.17. Maximum noise amplitudes detected at 870 nm and 905 nm with gold nanorods hosted in
phantoms.

Wavelength M ax1mu.m
noise amplitude
870 nm 6.9 mV
905 nm 4.8 mV

The proposed dual-wavelength optoacoustic system based on small arrays of HPDLs is demonstrated to
produce detectable optoacoustic signals from gold nanorods hosted in small phantoms by applying
relatively low optical power (see Table 4.16). Since the amplitude of the optoacoustic signal is almost
linearly proportional to the amount of optical power applied, by increasing the number of the emitters we
should be able to detect optoacoustic signals using phantoms with higher scattering coefficient and larger
size. Additionally, Eq. (4.9) would return larger values that would consent an efficient OAI. Figure 4.23
plots the amplitude of the optoacoustic signals in function of the depth (see Table 4.16 as reference) at
870 nm and 905 nm. The amplitudes of the optoacoustic signals present two slopes: between 0.9 cm and
1.8 cm of depth they exhibit a slow increase, while between 1.8 cm and 2.7 cm their intensification is
significantly higher.

Table 4.18. Signal-to-noise ratio calculated for each optoacoustic signal.

Signal-to-noise ratio from gold
nanorods inclusions

Inclusion Inclusion Inclusion
Wavelength A B C
870 nm 18.4 dB 13.4dB 10.9 dB
905 nm 22.7dB 17.5dB 14.9 dB
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Figure 4.22. Optoacoustic signals from gold nanorods inclusions of 4-mm, 2-mm, and 1-mm diameter,
respectively, hosted in the phantoms. The signals are labeled with the letters A, B, C for each case: a) NP1 at
870 nm, b) NP2 at 905 nm.
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Figure 4.23. Amplitude of the optoacoustic signals at 870 nm and 905 nm in function of the depth in the
phantom.

4.4. Determination of gold nanorods concentrations from optoacoustic signals
detected at 870 nm, 905 nm and 972 nm with fast switching electronics

In this section is presented the final development step of our optoacoustic setup showing an application to
the determination of the absolute concentrations of some mixtures of gold nanorods solutions hosted in
quartz cuvette from the optoacoustic signals detected at 870 nm, 905 nm and 972 nm. Previous works
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[154, 155] reported inversion algorithms to determine the single chromophores concentrations from
multi-wavelength optoacoustic images acquired. Particularly, the variations in hemoglobin oxygen
saturation (SO,) in single subcutaneous vessels of rats in vivo have been investigated under three
physiological states: hyperoxia, normoxia, and hypoxia. The determination of chromophore
concentrations (i.e. deoxyhemoglobin and oxyhemoglobin) from skin is crucial to get information about
some physiological parameters contained in the blood. Deviations from the standard values of the
concentrations may indicate pathologies. Similarly, absorbing solutions of copper and nickel chloride
have been submerged in a phantom at different ratios to determine their concentrations from the
optoacoustic images acquired at wavelengths between 590 nm and 980 nm [154]. In the cited work, the
concentrations of the single chromophores have been estimated from the imaged map of local optical
energy deposition, which is roughly proportional to the amplitude of optoacoustic signals detected. In this
work, optoacoustic signals are generated from mixed solutions of gold nanorods with absorption peaks at
~ 860 nm and ~ 900 nm by using in a first step two triplets of 870-nm and 905-nm HPDLs as light
sources. Again, the HPDLs beams are coupled into multimode optical fibers with core diameter of 200
pum and collected in a 7-to-1 675-um fiber bundle. A microcontroller circuit generates alternate pulses
between the two wavelengths with fast switching of 0.5 ms. In a second step, a high-power DLB
operating at 972 nm is added to the optoacoustic system to further validate our results. In this case, a fiber
bundle with output diameter of 1.2 mm, composed of 400-pm multimode optical fibers, is used to ensure
a better coupling efficiency. With the third wavelength the switching times are reduced to 0.33 ms.

4.4.1. Two-wavelengths optoacoustic system and fast switching electronics

For the experiments carried out and presented in this section, the same optoacoustic system and gold
nanorods introduced in section 4.3.3 have been used, with the only difference of having a quartz cuvette
as hosting medium. The measured optoacoustic signals are related to the nanoparticles concentrations by
using a fluence model that is based on the approximation of the fluence distribution. It is assumed that the
propagating media (i.e. the cuvette and the gold nanorods) are non-scattering media. Three mixtures of
gold nanorods with different proportions have been considered: 40/60, 50/50, and 60/40. From the
analysis of the optoacoustic signals detected we have been able to estimate the absolute concentrations of
the gold nanorods solutions with good accuracy. In order to maximize the throughput of the system
reducing the total amount of time required for a multispectral measurement, the emissions of pulses at
different wavelengths have been time-division multiplexed whereas the emissions at the same wavelength
have been combined. Each HPDL had its own pulse current laser driver that was activated following a
sequence generated by a trigger generator. This was composed of a microcontroller (uC), a pulse
generator, and a decoder (Fig. 4.24(a)). The microcontroller (pic32MX250F128B, Microchip Technology
Inc., Fig. 4.25) triggered the pulse generator at some defined periods, Ty;, meanwhile it controlled the
pulse width. Through the decoder the pulse was distributed to the laser drivers up to seven drivers
following a flexible programmed sequence that can be adapted to different configurations (Fig. 4.24(Db)).
The HPDLs with the same emission wavelength were activated at the same time. The minimum period
between wavelengths is limited by the extinction of the acoustic wave to avoid overlapping. The period of
the cycle over all wavelengths, Tk, should be equal or larger than the number of wavelengths times, N, the
repetition period Ty, (T > N*Ty;). Additionally, it cannot be lower than the minimum repetition period
of the HPDLs that depends on the duty cycle (D) and the pulse width 7,. In our implementation a
repetition period of 7z = 1 ms and a pulse width 7, of 75 ns (D = 0.0075 %) have been set with a Ty, of
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0.5 ms, which corresponds to the switching time between the two wavelengths. The novelty of this design
compared with the previous ones is represented by a fast acquisition of the optoacoustic signals by
switching the two wavelengths with the microcontroller. In a real OAI environment, this switching time
would facilitate the fast acquisition of high-resolution images. In our experiments, the switching times
between the two wavelengths allow a fast estimation of the concentrations of the gold nanorods solutions.
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Figure 4.24. Each HPDL has its own pulse current laser driver that is activated following a sequence
generated by a trigger generator: (a) block diagram of the optoacoustic system with light delivery in a fiber
bundle, (b) time diagram of the trigger system that shows how the pulses are alternated between the two
wavelengths A; and 2,

Figure 4.25. Microcontroller circuit used to control the pulse emission [156].

The beam coming out from the fiber bundle illuminated a 1-cm quartz cuvette (model Z600768-1EA,
Hellma GmbH) with path length of 0.4 cm hosting the nanoparticles solutions, a 10-MHz acoustic
transducer (V327-SU, Olympus Corp.), a 40-dB preamplifier, an oscilloscope, and a PC to record the
optoacoustic signals (Fig. 4.26). The quartz cuvette was contained in a cuvette holder (CVH100/M,
Thorlabs Inc.) with four ports, including a SMA-fiber-adapter with a collimating lens built-in and a
modified port to accommodate the piezoelectric transducer. The optoacoustic signals generated have been
detected by the piezoelectric transducer and then pre-amplified of 40 dB. Afterwards, they have been
digitized on the oscilloscope which was synchronized with the pulse emission through the trigger
generator. Finally, the optoacoustic signals have been sent to a PC for recording and filtering. Each triplet
of HPDLs was triggered with the same signal obtaining a complete overlapping of the optical pulses after
the output of the fiber bundle. The output of the fiber bundle has been collimated by an aspheric lens
(effective focal length fzr; =12 mm) with anti-reflection coating (600-1050 nm) to illuminate the sample
uniformly. Distilled water has been used as a coupling agent between transducer and the wall of the
cuvette. The average power measured at the output of the 12-mm lens, emitted by each triplet of HPDLs
with a repetition frequency of 1 kHz and a pulse width of 75 ns, was ~ 13.56 + 0.022 mW and ~ 13.09 =
0.031 mW at 870 nm and 905 nm, respectively. The beam diameter was 7 mm (spot area of ~ 38.5 mm?®)
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in both cases. For this reason, the 1-cm side of the cuvette has been located perpendicular to the
propagation axis for the optoacoustic measurements. Accordingly, the respective total pulse energy
densities are ~ 35.2 £ 0.022 pJ/cm® and ~ 34 £ 0.031 pJ/cm®. Table 4.19 reports the characteristics of the
optical pulses used for excitation of optoacoustic signals at 870 nm and 905 nm, respectively.

Cuvette Sample
Holder

10 MHz
Transducer

& u Scope » PC
A@r TP Preamp f
Bundle

\ Trigger
Cuvette Generator

Figure 4.26. Measurement setup for the detection of optoacoustic signals.

Table 4.19. Characteristics of the optical pulses used for generating the optoacoustic signals.

Parameter 870-nm HPDLs 905-nm HPDLs

Pulse width 75 ns 75 ns
Repetition rate 1 kHz 1 kHz

Duty cycle 0.0075% 0.0075%

Total pulse energy 13.56 £ 0.022 pJ 13.09 + 0.031 uJ
Total average power | 13.56 +0.022 mW | 13.09 +0.031 mW

Light spot area 38.5 mm” 38.5 mm’
Total pulse energy 352+0.06 pJ/em” | 34 +0.08 p/ecm’
density
Peak power ~181' W ~175 W

The optical pulse-to-pulse stability has been checked at the output of the fiber bundle prior to
experiments, showing unchanged characteristics at each wavelength in a period of 15 minutes (Fig. 4.27
(a) and (b)).

Pulse to pulse stability at 870 nm Pulse to pulse stability at 905 nm Beam profile at the input of the cuvette
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Figure 4.27. Optical pulse-to-pulse stability at: a) 870 nm, b) 905 nm. ¢) Beam profile at the input of the
cuvette.

Figure 4.27 (c) shows the beam profile at the input of the cuvette. The uniform illumination of the sample
has been achieved between vertical and horizontal axes. The absorption coefficients of the gold nanorods
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(Table 4.12) at 870 nm and 905 nm, reported in Table 4.20 as well, have been calculated from the
measured spectra (Fig. 4.20) using Eq. (4.7).

Table 4.20. Measured absorption coefficients at 870 nm and 905 nm.

Absorption coefficient (cm™)

Wavelength NP1 NP2
870 nm ~458 ~41.7
905 nm ~306 ~46.0

4.4.2. Determination of nanoparticles concentration optoacoustically

In [154, 155] an optical inverse problem has been proposed to estimate the concentrations C,, of M
chromophores with known absorption coefficient spectra, from the 3D map of the energy absorbed in a
tissue. Some parameters involved in the algonthm were considered dependent on both the wavelength
A and position vector x (1.e. total absorption coefficient, absorbed energy density, and light fluence),
while the concentration was considered dependent only on the position vector x, and the known
absorption coefficient dependent on the wavelength A. In our case we only consider an inverse algorithm
for a 1D environment with no dependence on the position vector x. Considering a homogeneous mixture
of M solutions of nanoparticles with respective concentrations C,, and a set of N operating wavelengths,
the total absorption coefficient puror(4,) (cm™1) of the mixed solution is a function of the wavelength A,
and can be expressed as:

mr{&)=§ﬂm (4.)Co- (4.10)

m=1

where pi,,(A,,) is the known (from the spectra) absorption coefficient (cm™?!) of the reference solution of
nanoparticles m at wavelength A,. Under thermal and stress confinement conditions and using a
broadband ultrasonic transducer, the optoacoustic signal V(A,) detected by the oscilloscope is
proportional to the pressure p(d, A,,) that i1s related to the total absorption coefficient ppgr(Ay,) by the
following equation:

V(4 )n p(d.4,)=T tiror (4,)9(d, 4,). (4.11)

where d is the depth 1n the sample, I 1s the Griineisen parameter (Eq. 2.28), and the unknown fluence can
be expressed as ¢ (d, A,,) = A(A,,)e Hart(n)d where A(A,,) is the input pulse energy and g, (A, ) is the
total attenuation coefficient including both absorption and scattering effects. The exponential term will be
analyzed more in details afterwards. In turn, the input energy A(A,,) can be related to the input average
power P(A, ) by the relation A(4,,) = kP(4,,). where k 15 a proportionality term (1.e. inverse of the pulse
repetition rate). Additionally, we can define k' = kI". Hence, we can reformulate Eq. (4.11) as:

V(4,) =k g (%) P(4, )& Foradd. @.12)
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Combining Equations (4.10) and (4.12) we obtain:

V(4) <K St (4)CuP (4 )¢ Heredd 13)

m=1
In Eq. (4.13) we can normalize the optoacoustic signals V(d,) by the immput power as F(d,) =
Vid,)/ (P(HH)E_ME(J‘"M}. Hence, Eq. (4.13) can be expressed in a N x M matrx as follows:

B(4) G
3a) | “ T P e
B(:iw} w(Ay) o () C:M

The terms B(A,) can be simplified considening just the signal amplitude that comes from the entrance of

the cuvette, which means considering tigp, (A,)d << 1. In this case e Mattln)d = 1 o the system (4.14)
becomes linear. The concentrations (,, can be easily calculated inverting the matnx of absorption
coefficients. This approximation presents two advantages. First, the values of V(A,,) can be easily found
from the peak-to-peak amplitude of the first optoacoustic signal, whose redundancy occurs at some fixed
delays. depending on the speed of sound in the sample. Second. 1t 15 not required an ultra-wideband
ultrasonic transducer, contrary to what 1t 15 commonly used in conventional OAIL A resonant PZT
transducer would behave as a band-pass filter, filtering out the lower frequencies and enhancing the
optoacoustic signal that comes from the boundanes, like the first interface of the sample. In this way, the
total noise present in the optoacoustic signal would be reduced, improving the sensitivity of detection.

4.4.3. Experimental validation and results at 870 nm and 905 nm

The objective of this work 1s to estimate the concentrations £y and (5 of two solutions of gold nanorods
(NP1 and NP2) mixed in a quartz cuvette from the evaluation of the optoacoustic signals detected at 870
nm and 905 nm. As anticipated in section 4.4.1, we consider three different mixtures of gold nanorods
containing different percentages of the two solutions: I) 40 % NP1 and 60 % NP2, IT) 50 % NP1 and
50 % NP2, IIT) 60 % NP1 and 40 % NP2. The optoacoustic signals are obtained from each mixture using
the dual-wavelength diode laser-based system and following the experimental setup descnibed in section
4.4.1. The optoacoustic signals detected for each mixture at 870 nm and 905 nm are depicted in Figure
428 after applying a boxcar filtering In all the signals we can observe a noise around 0 ps that 1s
generated by the coupling of the diode laser current pulse into the detector amplifier. but the optoacoustic
signal 15 not affected because it arnives to the transducer after ~ 3 ps. For the case of two different
absorbers and two wavelengths, Eq. (4.14) reduces to:

B(ﬂl)‘_[ﬁ{ﬂl) ,uz(%)]

B(4) [4(4) m(4)

S)

: 4.15
s, (4.15)

where S, =k.Cm . Ay = B70nm and A; = 905 nm. By mverting Eq. (4.15) we find the parameters 5,
and S, that contain the unknown factor k’. Finally, the concentrations can be obtained as a volume
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percent, knowing that the sample i1s a mixture exclusively of the two solutions of gold nanorods, as
follows:

S
C,, (%) =—™—x100. (4.16)
S, +85,

As it was mentioned before, the term BE(A,) comresponds to the peak-to-peak amplitude of the first
optoacoustic pulse armiving to the ultrasonic transducer, normalized by the optical energy that reaches the
cuvette at each wavelength. The quartz cuvette employed 1s transparent and its transmmssion coefficient
does not vary significantly between the two wavelength considered. Thus, the optoacoustic signal is
totally produced by the sample hosted mnside the cuvette.

OA signals at 870 nm OA signals at 905 nm

- — r — — —
[\1 | anb ;, I.
\ JA 10} . ': T
A i /

\_;1:;"6/ rvm "”‘ga”"“""‘”" _‘ JATYARTY

40

(a)

(=]
[=]

OA signal (mVy)
=
—

A signal (miy)
o

]
=]

! } M {f W
-20 405 NP1 + 60% NP2 o 40% NP1 + 80% NP2 A N
[E— BO4G MP1 + B0% NP2 Sn] S B0 NP + 509 NP2 ki '.,:l
----- 60% NP1 + 40%: NF2 sm = me GO WP & 40% NP2 '
_40 i " i . i " M M i -0 i i i i " " i M o
=1 0 1 2 3 4 5 B 7 B 2] =1 0 1 2 3 4 B & 7 8 9
Time[us)

Time(ps)

Figure 4.28. Optoacoustic signals detected from three different mixtures of gold nanorods at: a) 870 nm and

b) 905 nm. For the calculation of the concenirations of gold nanorods we considered their peak-to-peak
amplitudes as indicated between the first maximnm and the first minimum.

The TOF required by the optoacoustic signal to reach the transducer from the cuvette-sample interface
(Fig. 4.29) 1s given by the following equation:

TOF = d've + d"vs. (4.17)

where d’ i1s the thickness of the cuvette wall, v 1s the speed of sound in the quartz cuvette, d”’ is the
thickness of the cuvette hole, and v 15 the speed of sound in the sample. Due to the acoustic impedance
mismatch between the sample and the cuvette and between the cuvette and the surrounding air, a series of
reverberations occurs after the arnival of the first maximum.

The detection of the optoacoustic signals mostly depends on the bandwidth of the piezoelectric
transducer. To improve the accuracy of the measurements and properly detect the amplitude of the
optoacoustic signals, the transducer should be wideband or at least have a central frequency high enough
to avoid the overlapping of the reverberations of the optoacoustic signal in the walls of the cuvette. The
quartz cuvette employed 1n our expeniments has a wall thickness d’ equal to 3 mm, so the reflections are
expected every ~ 1.39 ps after the first optoacoustic signal peak. as it is shown in Figure 4.28. A
transducer of 10 MHz is used to ensure that each reflection 15 individually resolved. Furthermore, if the
transducer had a lower bandwidth (1.e. 1 MHz) the optoacoustic signal would be truncated and we would
not get the correct amplitude when the absorber exhibits high absorption coefficient [155]. The peak-to-
peak amplitude from the first maximum to the next mumimum, measured as indicated in Figure 4.28, 1s
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averaged over 10 measurements and 15 reported in Table 4.21. Taking into account the signal averaging,
the total time required for the measurement of the amplitudes at both wavelengths was 10 ms. Finally, the
single concentrations of the gold nanorods composing the mixtures, shown in Table 422, are estimated
from the optoacoustic signal amplitudes reported in Table 4.21, after being normalized by the pulse
energy at the commesponding wavelength (see Table 4.19). by using Eq. (4.15) and (4.16).
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Figure 4.29. Light attenunation inside the gold nanorods hosted in a quariz cuvette and optoacoustic signal
generated at the interface.

Table 4.21. Peak-to-peak optoacoustic signals at 870 nm and 905 nm after boxcar filtering in Matlab.

Optoacoustic signal (mV)
Wavelength 40% NP1 | 50% NP1 | 60% NP1
60% NP2 | 50% NP2 | 40% NP2
870 nm 48601 49201 J499=x01
905 nm 46801 | 46601 J463x01

The error of these estimations O 1s calculated from both the standard deviations of the normalized peak
amplitudes Op, and the inverse of the absorption coefficient matnxm; . by means of the following
equation:

2 2
&+ My S; — My, S,
(5, +5, )2

my, S, —my, S,

o 418
{31"‘32)2 B2 (4.18)

T =

The calculated values of ; and C; are reported in mean value and standard deviation and present a
maximum divergence of 2.76 % from the expected values. This observational error 1s compatible with the
digitizing error of the 8-bit oscilloscope employed for measuring the signals. However, this error can be
further reduced by adding more wavelengths to the optoacoustic system. In the next section it will be used
a three-wavelength system that integrates a high-power DLB operating at 972 nm (central wavelength) to
reduce the observational error of 2.76 %.



Table 4.22. Values of the gold nanorods concentrations estimated from the optoacoustic signals measured.

Estimated concentrations (%)
Nanoparticles 40% NP1 50% NP1 60% NP1
P 60% NP2 50% NP2 40% NP2
C;: NP1 41.97 106 48.79 105 57.24 o4
C,: NP2 58.03 ' 51.21 ' 42.76 '

4.4.4. Three-wavelengths hybrid system and fast switching electronics

In the previous section, the absolute concentrations of two gold nanorods solutions have been estimated
from the amplitudes of the optoacoustic signals detected at 870 nm and 905 nm. The results achieved
showed that our dual-wavelength optoacoustic system is able to detect the absolute concentration of gold
nanorods with low observational error (maximum 2.76 %) compared to the real values.

In this section, new measurements have been performed to evaluate the concentrations of the gold
nanorods by adding a high-power DLB operating at 972 nm to the optoacoustic system. The spectrum of
the DLB in question has been measured with a wavelength meter during the packaging process to assess
the position of the maximum peak of emission. Even though the datasheet provided by the manufacturer
(OSRAM Opto Semiconductors GmbH) declared a central wavelength of 980 nm (Table 5.1, section
5.5.1), the real value given by the wavelength meter was ~ 972 nm. The packaging process included the
mounting of some optical elements, as shown in the simulations of section 5.5.2. The size spot measured
at the output of the DLB was compatible with that reported in Figure 5.15 from simulations (~ 0.2 mm x
0.2 mm). In order to ensure an optimal beam coupling of each laser source (i.e. 870 nm, 905 nm, and 972
nm), a 1.2-mm fiber bundle composed of 400-um multimode optical fibers has been used. Again, the
combined beam illuminates different mixtures of two gold nanorods solutions with absorbance peak at ~
860 nm and ~ 900 nm (Fig. 4.20), respectively, to generate optoacoustic signals.

The hybrid laser system was composed of two triplets of pulsed HPDLs at 870 nm and 905 nm (see
section 4.2) and a 972-nm DLB (SPL BK98-20HOS, OSRAM Opto Semiconductors GmbH and
packaged by DILAS Diodenlaser) combined side-by-side. The DLB was driven by a diode laser driver
produced in-house. Table 4.23 summarizes the characteristics of the DLB used in the experiments.

Each laser output has been separately coupled into a 400-um multimode optical fiber, as shown in Figure
4.30. The optical fibers are joined together forming a fiber bundle built in-house, composed of seven
optical fibers disposed in hexagonal configuration and with an output diameter of 1.2-mm, as shown in
Figure 4.31 (a) and (b), where each output is labeled with the corresponding wavelength. The output
optical power will illuminate the solutions of gold nanorods hosted in a quartz cuvette. In order to couple
the light emitted by each laser source into 400-um multimode optical fibers, the optical lenses described
in Table 4.3 have been used. Also the electronic system described in section 4.4.1 has been used. In our
implementation a repetition period of 7z = 1.0 ms (repetition rate of 1 kHz) and a pulse width 7 of 75 ns
(D =0.0075%) are set for the HPDLs and 150 ns (D = 0.015%) for the DLB, and a Ty; of 0.33 ms, which
corresponds to the switching time between the three wavelengths (Fig. 4.32).

Table 4.24 reports the characteristics of the optical pulses used for excitation of optoacoustic signals at
870 nm, 905 nm and 972 nm, respectively. The absorption coefficients of the gold nanorods NP1 and
NP2 at 870 nm, 905 nm, and 972 nm, are reported in Table 4.25.
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Table 4.23. Characteristics of the DLB used in the experiments. *operates in quasi-continuous wave

Characteristics 972-nm DLB*
Peak power (max) 215 W
Forward current {max) 200 A
Pulse width {max) -
Duty cycle {max) -
Wavelength (tvp.) 9723 nm
200 pm = 2 pm
(25 emitters,
pitch: 400 pm)
61.5°, 9.5°

Figure 4.30. Side-by-side beam coupling of the laser sources into optical fibers. The output of the fiber
bundle illuminates a quartz cuvette containing a gold nanorods solution to generate optoacoustic signals: a)
top view, b) front view.

@ 905 nm ® 870 nm
& 972 nm

Figure 4.31. Fiber bundle with 1.2-mm diameter composed of seven 400-pm optical fibers: a) top view of
the fiber bundle before being mounted, b) output of the fiber bundle seen under the microscope. The
optical fibers are disposed symmetrically between 870 nm and 905 nm, with the 972 nm output at the center
of the bundle to ensure uniform illumination of the sample.
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Figure 4.32. Each laser source is activated by a microcontroller: (a) block diagram of the optoacoustic system
with light delivery in a fiber bundle, (b) time diagram of the trigger system that shows how the pulses are
alternated between the three wavelengths A, A,, and A;.

Table 4.24. Characteristics of the optical pulses used for generating the optoacoustic signals.

Parameter 870-nm HPDLs | 905-nm HPDLs | 972-nm DLB
Pulse width 75 ns 75 ns 150 ns
Repetition rate 1 kHz 1 kHz 1 kHz
Duty cycle 0.0075% 0.0075% 0.015%
Total pulse energy ~16 ] ~16nJ ~16nJ
Total average power ~ 16 mW ~ 16 mW ~16 mW

Table 4.25. Absorption coefficients of the gold nanorods at 870 nm, 905 nm, and 972 nm.

Absorption coefficient (cm™)
Wavelength NP1 NP2
870 nm ~45.8 ~41.7
905 nm ~39.6 ~46.0
972 nm ~20.8 ~33.7

The solutions of gold nanorods have been diluted in water in order to be able to measure their spectrum,
since the power sensor of the spectrophotometer (Lambda 14P, Perkin Elmer Inc.) cannot detect the low
optical power transmitted through the sample when its absorbance is higher than 1.

4.4.5. Experimental validation and results at 870 nm, 905 nm and 972 nm

Following section 4.4.2, an inverse algorithm is implemented to estimate the concentrations of the
nanoparticles solutions from the amplitude of the optoacoustic signals. In this case, we want to estimate
the concentrations C; and C, of two solutions of gold nanorods (NP1 and NP2) mixed in a quartz cuvette
from the evaluation of the optoacoustic signals detected at 870 nm, 905 nm, and 972 nm.

67



Again, we consider three different mixtures of gold nanorods containing different percentages of the two
solutions: I) 40 % NP1 and 60 % NP2, II) 50 % NP1 and 50 % NP2, III) 60 % NP1 and 40 % NP2. For
the case of two different absorbers and three wavelengths, Eq. (4.14) reduces to:

B(4)=(sa( A+ (485 )
B(4)=(s(% ])&ﬂfz(ﬂfz]ﬁz], (4.19)
B(43) = 1a( % pSi+10( %)

where S, = k.CH . Ay = B70 nm, A; = 905 nm and A3 = 972 nm. Solving the linear system of Eq. (4.19),

we find the parameters S, and 5, dependent on the unknown factor k'. We can express the values of 5,
and S, by using the following equations:

S=d+d.  S,=d+4,. (420)

where the values of A, A,, A;. and A, are expressed by the following equations. respectively:

4= B0 mG)(BUIMGR) - BUImG)) 1)
k(%) k 15(2) (10 () ity (Ay) — 1 (A pn ()
4= B(4) (B (B4 (4)-B(A) 1 (4)) “2)

Ckm(B)T T k(s (i (W) () — 1 (A) i (A))

Finally, the absolute concentrations of gold nanorods C; and C, are obtamned from Eq. (4.16). The
optoacoustic signals detected at 870 nm, 905 nm and 972 nm comresponding to each of the three mixtures
are depicted in Fig. 4.33 (one capture) and their peak-to-peak amplitudes (mean values and standard
deviations) are reported in Table 4 26 after averaging on 10 measurements and boxcar filtering 1in Matlab.
The single concentrations C; and C; of the gold nanorods estimated from the optoacoustic signals (Table
4.27) are shown to be 1n good agreement with the expected values. The maximum divergence from the
expected value 1s 1.34 %, which represents an improvement if compared to the results obtained with two
wavelengths (see section 4.4.3). In a real OAS scenario, the real-time monitoring of the concentrations of
gold nanoparticles at different wavelengths can be useful to know the quantity that should be
administered to the patient m order to have appreciable contrast between the interested chromophores.

Table 4.26. Optoacoustic signals at 870 nm, 905 nm and 972 nm after boxcar filtering in Matlab.

Optoacoustic signal (mV)
Wavelength 40% NP1 §[I% NP1 60% NP1
60% NP2 50% NP2 40% NP2
870 nm 56.3+01 56501 571+01
905 nm 56.2+01 55401 546+01
972 nm 35801 39001 42301
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Figure 4.33. Optoacoustic signals detected from three different mixtures of gold nanorods at: a) 870 nm, b)
905 nm, and c¢) 972 nm. For the calculation of the concentrations of gold nanorods, the peak-to-peak
amplitudes of the optoacoustic signals have been considered.

Table 4.27. Values of the gold nanorods concentrations estimated from the optoacoustic signals measured.

Estimated concentrations (%)
Nanoparticles 40% NP1 50% NP1 60% NP1
P 60% NP2 50% NP2 40% NP2
C;: NP1 40.48 Ll 51.34 078 60.20 058
C,: NP2 59.52 ' 48.66 ' 39.80 '

The gold nanorods tuned to specific wavelengths could be bio-conjugated to target some kind of cells or
molecules for intravenous biomedical applications directed to the detection of diseases, such as cancer
and arteriosclerotic plaques [157-160]. The gold nanorods proposed in this chapter belong to a class of
nontoxic and biocompatible nanoparticles. Future research on this field would be addressed to add new
NIR wavelengths to the optoacoustic systems for a more functional OAS (such as 808 nm, 880 nm, 910
nm and 940 nm). Next chapter will show a simulated multi-wavelength system based on the beam
focusing and combination of high-power DLBs.

4.5. Conclusions

In this chapter, the development of an optoacoustic system based on HPDLs has been presented with
some experimental results performed with several kinds of nanostructures.

Firstly, two pairs of HPDLs sources with respective emission at 870 nm and 905 nm illuminated different
solutions of DWCNTs and ink hosted in tissue-like cylindrical phantoms. The optical beam emitted by
the HPDLs has been collimated and focused by means of optical lenses disposed in lens tubes before
illuminating the samples. It has been discussed that this optical configuration necessitates an improvement
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to ensure that the samples are uniformly illuminated with synchronized pulses. For this reason, in the
successive measurement stages it has been proposed and applied the beam coupling of HPDLs into
optical fibers, which is also applicable for endoscopic optoacoustic applications. It has been shown and
described a new light coupling scheme making use of optical fibers joined together in a custom-made
fiber bundle.

In the second measurement step, the abovementioned scheme has been used to couple 905-nm pulsed
HPDLs to 200-um-core optical fibers forming a 675-um fiber bundle. Some experimental results
demonstrating an efficient optoacoustic signal generation from three graphene-based solutions (GO, rGO,
and rGO@Au with respective absorption coefficients of 17.40 + 0.46 cm™, 18.18 + 0.26 cm™, and 16.53 +
0.31 cm™ at the concentration of 25 mg/ml) hosted in optical phantoms with small illumination areas have
been shown.

Afterwards, it has been presented the optoacoustic response of different gold nanorods inclusions (size of
1 mm, 2 mm, and 4 mm, respectively) hosted at different depths (i.e. 0.9 cm, 1.8 cm, and 2.7 cm) in
tissue-like phantoms exposed to laser light. These gold nanorods have been shown to exhibit absorbance
peaks at different wavelengths (i.e. at ~860 nm and ~900 nm), after spectrum characterization. A dual-
wavelength laser system based on small arrays of HPDLs at 870 and 905 nm has been used to generate
optoacoustic signals. Results have showed that the gold nanorods inclusion with biggest size generated
the highest optoacoustic signal (i.e. 57.56 mV and 65.15 mV at 870 nm and 905 nm, respectively) with
significant SNR (i.e. 18.4 dB and 22.7 dB) compared to the noise level. It has been discussed that the high
optoacoustic response exhibited by gold nanorods suggests their application as exogenous contrast agents
in real OAS applications aimed to the detection of diseases, due to their high absorbance and
biocompatibility.

Finally, the same dual-wavelength system controlled by a microcontroller circuit to alternate the pulses
between the two wavelengths has been applied to generate optoacoustic signals from three different
mixtures of gold nanorods containing different percentages of the two solutions: I) 40 % NP1 and 60 %
NP2, II) 50 % NP1 and 50 % NP2, III) 60 % NP1 and 40 % NP2. The concentrations of these solutions
have been estimated from the amplitudes of the optoacoustic signals detected. The results achieved
showed that our system is able to detect the absolute concentrations of gold nanorods with low
observational error (maximum 2.76 %) compared to the real values. Successively, a 972-nm DLB has
been added to the system to reduce more the error to 1.34 %. It has been discussed that the real-time
monitoring of the concentrations of gold nanoparticles can be useful in a real OAI scenario to know the
quantity that should be administered to have appreciable contrast between the interested chromophores.

However, the optoacoustic applications necessitate a much higher amount of optical energy to penetrate
in-depth in the biological tissues. Since the HPDLs can only provide a few tens of pJ, they are only
suitable for OAI of small surfaces of tissue. In this way, their low optical energy can be compensated by a
high fluence if the imaged surface is small. In OAI applications requiring much higher levels of optical
energy, more powerful devices such as DLBs and DLSs are required. In this regard, the next chapter will
present the design of a multi-wavelength optoacoustic system based on DLBs. Experiments with
nanoparticles will not take part in the next chapter, because the work will be focused on the beam shaping
of DLBs with optical elements. The final objective of the work presented in next chapter will be the
combination and coupling of the multi-wavelength beam to a multimode 400-pm optical fiber.
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Chapter 5

Design of a multi-wavelength diode laser bar system
for optoacoustic applications

5.1. Introduction

The requirements of high power to penetrate deeply into biological tissues can be fulfilled using micro-
fabricated arrays of diode laser cavities emitting several hundreds of peak power.

The arrays of HPDLs treated in the previous section can be reduced in size and cost by using diode laser
bars (DLBs) or stacks (DLSs) that can provide the amount of optical peak power (and consequently
energy per pulse) desired for biomedical optoacoustic applications.

DLBs are high-power semiconductor lasers arranged as a one-dimensional array of broad-area emitters.
They typically contain between 20 and 60 emitters with vanable width (100-200 pm). A typical DLB
device has a resonator length of the order of ~1 mm, an overall width of ~10 mm and generates tens of
Watts, or even up to several hundreds (possibly with a reduced hfetime), of optical power, but with poor
beam quality due to the waveguide properties of the active regions of the emitters.

In fact, a potentially disturbing property of DLBs 1s the “smule™, namely the honzontal line connecting the
emitters. DLB modules are widely used in many fields such as sensing, ranging, direct material
processing, high-power solid-state and fiber laser pumping, and biomedical applications. In these
applications, one of the requirements 1s to deliver the smallest beam spot to a certain distance with high
power density. A non-ideal property of DLBs 1s the asymmetric emission pattern (Fig. 5.1), which 1s
responsible for poor beam quality. In the “fast axis” direction, the emission comes from a very namrow
region, so that the beam quality is not far from diffraction limit. ie. M factor not far above 1 [161].
despite the strong beam divergence angle of typically 40-70° at 1/e” of the maximum amplitude. On the
other hand, the “slow axis” direction has a very wide emitting region, so that despite the much smaller
divergence angle (in the order of 8-15° at 1/e”), the beam quality is very poor with a A" factor = 1000.
Beam shaping and optical design are therefore essential for conditioning the output of a DLB. The large
NA of typically ~0.6=09 in the fast axis requres high-NA asphencal cylindnical lenses for beam
collimation while preserving the beam quality. Asphencal cylindnical micro-lenses like fast axis
collimating (FAC) and arrays of slow axis collimating (SAC) lenses, or other equivalent elements, are
often used for this purpose. When beams with approximately circular beam spot and reasonable beam
quality are required, a special beam shaper for symmetrization of the beam quality should be applied. In
this regard, an optical element that 1n the successive section will reveal its great potential 1n beam shaping
15 the beam twister, consisting of a 45%tilted array of cylindrical lenses. The additional use of focusing
lenses can be employed to focus the combined beam into an optical fiber for optoacoustic applications
(see Chapter 4). The mean reason of using diode laser arrays instead of simply making a very
broad emitting area 1s that the latter would suffer from amplified spontaneous emission or parasitic
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lasing in the transverse direction. Additionally, the resulting broader emission area would be responsible
for a much larger spectrum of propagating modes. The most important design parameters of DLBs are the
number of emitters, theirr width and spacing. With respect to beam quality and brightness, it would be
ideal to get the output power from a small number of closely spaced emutters. increasing the so-called
“fill-factor”, namely the ratio between the single emitter width and the pitch between two adjacent
emitters. However, the optical intensity at the output facets 1s limited by the nisk of catastrophic optical
damage of the mirror coatings. In addition, closely spaced emmtters may be too difficult to cool.

Slow axis VP g
- > M:nl axis

Diode laser bar =

WA

1

Astigmatic beam

o Single diode laser cmitter

Figure 5.1. DLB emitting an astigmatic beam from each single emitter [162].

Most DLBs operate in the wavelength region from 780 nm to 980 nm, with the wavelengths of 808 nm
(for pumping neodymium lasers), 940 nm (for pumping Yb:YAG) and 980 om (for pumping erbium-
doped or ytterbium-doped amplifiers) being most prominent. Qur purpose 1s to design a multi-wavelength
optoacoustic system based on DLBs, whose beam are combined and focused into a multi-mode optical
fiber. Prior to the design, we should take into account several parameters that describe the beam quality.

5.2. Beam quality of diode laser bars

Beam quality 1s a measure of how tightly a beam can be focused. The higher 1s the beam quality, the
smaller 1s the spot size and the higher 1s the light intensity. According to the ISO-standard [163]. this
property can be characterized by the beam-parameter product (Q or BPP), multiplying the waist radius
{wy,) by the half-angle divergence ( Bohalr ) of the beam [164, 165]. In the best case (1.e. without any

aberrations), this beam-parameter product remains constant if the beam 1s transformed by passive optical
components such as lenses or murrors (Eq. 5.1). The mimimum value for the BPP 1s the so-called
diffraction limit and i1s given by i/, where 1 1s the beam wavelength. The BPP normalized to this
minimum value is called the “diffraction limited factor” (M°) (Eq. 5.2). as it directly indicates how far
away the quality of a beam is from diffraction limit. The BPP and the A factor can be calculated by the

following equations [165]:

O =BPP =W, Oy - (5.1)

_BPP W, B i

M? =
Alx Al

(5:2)

For a given NA of the focusing system ( NAf) and a rotationally symmetric beam with a total power of P,
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the average light intensity in the focal plane (7 p, ) 1s grven by [165]:

_ 2
. s = xNA; <B . (5.3)

where B=P/ {:«'.r2 HBPPE} - Besides the BPP and the M factor. the parameter B describes the brightness
of a beam and is introduced into Eq. (5.3) as an abbreviation. Equation (5.3) 1s widely used in many
applications of conventional lasers with a single coherent and circular symmetric beam. Considering a
beam consisting of & individual beams. the beam-parameter product (or beam quality) BPF,, of the total

beam is then k times the beam-parameter-product of the individual beam BPP [165]:
BPF,, =w,, »8,,, =k»w, ﬂmmgf =k xBPP . (5.4)

For a general case of two-dimensional array of N x N, emitters (1.e. a diode laser stack (DLS)), the total
beam quality can be easily calculated separately for each dimension (Fig. 5.2) using Eq. (5.4).

BPE;.

QOGO O™

BPE,,, | (= O )
(VO OC C )BPE

< >
BPE, o1

Figure 5.2. BPPs in a two-dimensional array of emitters [165].

In the case of one-dimensional array of N, emitters (a DLB). BFF, ;,; = BPF,. and the sketch of Figure
5.2 can be rearranged as shown in Figure 5.3.

BPE,
BPE, ()OO
< >

BPE, 1
Figure 5.3. BPP in a two-dimensional array of emitters (reprinted from [165]).

Equation (5.4) 1s very useful for the calculation of beam rearrangement. as shown in Figure 5.4. A line-
shaped beam with different BPPs in the two orthogonal diIECﬁGﬂS(B.Pﬂ,BP%) . as in DLBs, can be

transformed into a beam with quadratic cross-section by cutting the line-shaped beam into separate
segments and subsequent optical rearrangement of the individual beam segments.
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The resulting BPP of the equivalent rectangular-symmetric beam BPP,, is given by [165]:
BPP,, = BPP xN = BPP, /N, (5.5)
where the optimum number N of beam divisions can be expressed as the square root of the initial BPP

ratio [165]:
N = JBPPy / BPP._ . (5.6)

Consequently, the resulting BPP of the equivalent rectangular-symmetric beam BPny is given by the

following equation [165]:

BPP,, = BPP, x| BPP, | BPP, = \|BPP.>BPP, . (5.7)
BPB,/N
A
BPP, 1
BPP, I | ; | > BPE.'N
N
v

Figure 5.4. Rearrangement of the beam [165].

The total brightness of a system is not influenced by beam division and rearrangement [165].

5.3. Theory of symmetrization

As described in the previous section, the beam profile of a single diode laser bar (DLB) is highly
asymmetric between slow and fast axes. However, for many applications it is required a symmetric beam
in terms of adapted beam-parameter products (BPPs) between the two axes. A symmetric spot is also
required for many applications, such as material processing and optoacoustics. Furthermore, a symmetric
BPP is necessary for efficient fiber coupling. The basic idea of beam symmetrization by means of a beam
rearrangement process has already been described in the previous section.

In this section, the concept of beam symmetrization will be explained in more details, especially in the
context of fiber coupling efficiency. The basic principle is illustrated in Figure 5.5. The left part of Figure
5.5 schematically shows the asymmetry of a diode laser system in terms of beam parameter product Q or

BPP. For a single DLB, the ratio BPPy / BPP.is normally about 500:1, or even more, as we will see in
section 5.4. The beam quality of the whole system before beam symmetrization can be described by an

overall BPP referred to as BPP,

Yot.rms » Which is defined by both the root mean square value and the

geometric mean of BPP, and BPP, , in according to the following equations [165]:
BPP

totrms — BPRcz +BPI;/2 > BPPtot,geom :VBPPx xBPPy : (5'8)
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After beam symmetnization. the BPP i the slow axis (BPP,) 1s divided into N subsections. while the BPP
in the fast axis (BPP;) 1s multiplied by N, as expressed by the following equations [165]:

. BFF,
BPP, = ~ (59)
BPP. = BPP. xN . (5.10)
Then, the beam quality of the whole system after beam symmetrization BP. t;, rms €an be defined by the
following equations [165]:

. > o . . .

BPE,, o = JBPPI +BPP . BPF,, .oom =+ BPE, *BPP, . (5.11)
g, - 25
BPE, N BPB'=BPRXN

- 2 Symmetrization / %
I
BPE, ' )
% A B \BPP o

BPE":""-””S - \JBPE‘E T BP‘E; BP Il:':hr,nrfs - BPE'E W BP‘FJ’E
; BPE; | J , | |
. {B"Dﬁrl:lr.rmj }‘:’ A= ‘lll| EP;J =1 = BPE-' =BPE[ = BPP;@I_.?‘JHS = E'BPE = ﬁ BP‘HG!.EED?H

Figure 5.5. Basic principle of beam symmetrization of a diode laser system. The different BPPs are adapted
by shifting the beam gquality from one axis to the other axis [165].

The beam symmetnization 1s realized by shifting the beam quality from the axis with higher BPP to the
axis with lower BPP, so that the BPPs in the two axes are finally equal. The beam symmetrization is
equivalent to a miminmzation of the overall BPP (1e. of the pa.tamgterRPP' ) that 1s achieved if

tot yms

BPP_',: = B}"Pxr . as descnibed by the following equation [165]. considering Eq. (5.11):
Min(BPE,,,, )=2:BPF,=28BPF,, ... (5.12)

Efficient fiber coupling requires a beam with an appropriate symmetrized beam quality between fast and
slow axes. The upper limit for the necessary BPP can be defined by the diameter 4 and the NA of the

optical fiber (BPPﬁh ~d [2). A simple geometrical consideration shows that the value BPE,, . of the
total BPP should not exceed the value BPPg;,, . as expressed by the following equation [165]:
- d
BPF,, .. <BPPg =~ 0 *xNA (5.13)

The concept of Eq. (5.13) 1s clanified in Figure 5.6.
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Figure 5.6. The value of BPPt'meS should be lower or equal than the value of BPPy,,, acceptable by the optical
fiber (reprinted from [165]).

5.4. Key elements for beam symmetrization

The highly asymmetric beam profile of a DLB between slow and fast axes needs a proper shaping for an
efficient fiber coupling. The most important optical elements for the beam shaping of DLBs are the FAC
lens and the beam twister (BTS). The FAC lens is used to reduce the large beam divergence in the fast
axis, while the BTS rotates the beam by 90°. When the beam is emitted from a DLB, it appears in a line
shape that is synonymous of poor beam quality. After passing through a BTS, the rotation by 90°
transforms the beam into a nearly-square shape. This new shape is more advantageous than a line because
it allows the beam to be focused in a spot for fiber coupling. More specifically, after the fast axis
collimation, the beam propagates into the BTS that consists of an array of biconvex cylindrical lenses that
are twisted by 45° around the optical axis. The beam collimated by the FAC lens and incident on the BTS
forms an angle of - 45° with the input facet of the BTS and after the internal focusing the beam is rotated
+ 45° from the output facet. This means that the BTS rotates the beam by 90° around the optical axis. In
this way, the horizontal and vertical components (beam size and divergence angle) are interchanged and
the beams of the single emitters look like stacked on each other [166]. The beam projected by the BTS is
still slightly divergent in both axes (~ 2° and ~ 10°, respectively), but this time the divergence can be
easily corrected by using an additional collimation lens. Figure 5.7 shows the ray tracing inside the FAC
lens and the BTS, following the abovementioned description.

Figure 5.7. Ray tracing simulated in a FAC lens and a BTS: a) top view, b) side view. First, the FAC lens
collimates the large beam divergence in the fast axis, and then the BTS rotates the beam by 90° after an
internal focusing. In this way, the effect will be a superposition of beams in a nearly-square shape.
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The schematic diagram of a single lens element of a BTS with refractive index » is depicted in Figure
58. The radu of curvature and the lens thickness maintain the relationships 5 =-r, and d =21,

respectively, where f 1s the focal length of the lens. The focal point F 1s located in the middle of the

lens.

Figure 5.8. Schematic diagram of a single lens element of a BTS.

The beam profiles projected by a BTS after two different distances are depicted in Figure 5.9. Moving
away from the BTS. the beam assumes more and more a rectangular or nearly-square shape with a
reduced BPP ratio between fast and slow axes. In this way, the beam can be more easily collimated and
then focused by using additional cylindrical lenses.

by

al

Figure 5.9. Beam profiles projected by a BTS: a) immediately after the BTS, b) after some distance before
being collimated by additional cylindrical lenses.

lens ~

BTS Bottom tab
Figure 5.10. a) Sketch of FAC-BTS block [167], b) real piece [168].

77



Nommally, the FAC lens and the BTS available in the market are preassembled in a single block, as
illustrated 1n Figure 5.10. The overall optical losses mtroduced by these lenses normally not exceed 5 %
of the power emitted. As previously mentioned, one essential parameter to estimate the beam quality 1s
the BEPP 1 both fast and slow axes. In fast axis, 1t 15 defined as the product of the waist radius wy, (1.e.
the half of the vertical size n fast axis; mm DLBs 1t 1s normally w,, =1 pm) with the half angle
divergence H ) yqr of the beam along the fast axis. Instead. m the slow axis 1t corresponds to the product
of the waist radius wy,, (1e. the half of the emitter width of the DLB in slow axis (see Table 5.1, section
5.5)) with the half angle divergence 8/pq;¢ of the beam along the slow axis and the number of emutters,
normalized to the bar fill factor. Hence, the BPPs m fast axis and slow axis (BPP; and BPP,) are
respectively expressed by:

BPP, =Wy, %6, ;.1r» (5.14)

W, %8 = number of emitters
.BPP.'}, _ Oy I half

bar fill factor

(5.15)

where the bar fill factor 1s normally expressed in % and is the ratio between the emitter width and the
emitter pitch (Table 5.1, section 5.5). Eq. (5.14) and (5.15) correspond to Eq. (5.1) and (5.4), respectively.
In order to achieve the necessary beam quality for an efficient fiber coupling, the BPP ratio (BPP,/BPF;)
should be made as close as possible to 1 by means of beam shaping lenses. The BTS approaches this
sttuation by cutting the line shape of the beam into mdividual segments that are optically rearranged, so
that BPP, 1s mcreased many times as the BPP, 1s decreased. In this way, the BPPs are adapted by shifting
the beam quality from one axis to the other one. In an 1deal situation, the BPPs 1n the two axes would be
equal, but actually there 1s still a small difference. However, the total light intensity 1s not affected by the
beam rearrangement performed by the BTS. except from some spunous diffraction effects from the
lenslets that are responsible only of low power losses. After the BTS, the BPPs are inverted and can be
described by the following expressions:

Wy ¥ fhmy » number of emitters

BPP, = :
bar fill factor

(5.16)

BPP, =wy, %6, - (5.17)

For instance_ considering a 910-nm DLB (Table 5.1, section 5.5), the BPP ratios before and after the BTS
are Hﬁﬂ / BPP_ =712 and BPP,I / BPP_'; = 3.2 respectively. This value 1s greater than 1. but 1s sufficient

to reach the beam coupling with high efficiency (= 60 %) into an optical fiber by using additional lenses.
Normally, the BTS cannot reduce the BPP ratio to 1, being an 1deal situation.
The optimum number & of beam divisions 1s thus equivalent to the following expression:

N=,[BPP,/BPP, . (5.18)
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In addition, Eq. (5.9) and (5.10) can be rearranged as follows to find the real number of beam divisions,
called N

real *

. BPP
BPP. = 2 (5.19)

real

BPP, = BPP,xN,

real *

(5.20)

In the case of a 910-nm DLB, the optimum value of N to get a BPP ratio of 1 should be ~ 27.8 (Eq.
(5.18)), while the value of N, is ~ 15.45 (Eq. (5.19) and (5.20)).

5.5. Multi-wavelength optoacoustic system based on high-power DLBs

Multi-wavelength laser sources are necessary for a functional OAS. The use of HPDLs has aroused great
interest for their relatively low costs and small sizes if compared to solid state lasers. However, HPDLs
are only available at few wavelengths and can deliver low optical energy (normally in the order of pJ),
while DLBs offer more wavelengths in the market and can deliver more optical energy.

In this section, the simulations of optical systems for beam coupling of single high-power DLBs into 400-
um optical fibers will be shown. These systems operating at different wavelengths in the near-infrared
spectrum (i.e. 808 nm, 880 nm, 910 nm, 940 nm, and 980 nm) have been simulated by the software
Zemax. Then, in a separate design, the beams of the DLLBs are combined in a compact system making use
of dichroic mirrors and focusing lenses for beam coupling into a 400-um optical fiber.

Commercially available DLBs with low (< 50 %) and high fill factor (> 50 %) are simulated. The beam of
low fill-factor DLBs has been straightforwardly collimated, 90°-rotated and focused by means of FAC
lenses, BTSs with pitch of 400 um, and additional cylindrical lenses that are also commercially available
[169]. However, the market does not offer BTSs with suitable pitch for the high-fill factor bars. Typically,
we can find BTSs with 400-pm or 500-pum pitch. High fill-factor bars are particularly interesting for their
high optical peak power (= 300 W). For the low fill-factor DLBs, the achieved spots have square shape
with size of ~ 0.2 mm x 0.2 mm and are coupled into 400-pm optical fibers. For the case of high fill-
factor DLBs it is firstly shown an alternative design for beam focusing in ~ 2.8 mm x 2.7 mm spot. This
relatively large size would not permit good coupling into optical fibers with small diameter (< 1 mm), but
it can be suitable for potential optoacoustic applications in free space. In a second step, for high fill-factor
DLBs the same scheme used for low fill-factor DLBs by means of BTSs with pitch of 400 pum is
simulated, and also in this case it is demonstrated an effective beam focusing into 400-pm optical fibers.
The coupling efficiencies achieved are between ~ 76.3 % and ~ 78.8 %. Finally, in a separate design all
the DLBs sources are joined in a compact design making use of dichroic mirrors, a polarizing
beamsplitter cube (PBS) and focusing lenses for beam coupling into a 400-um optical fiber. In this case,
the coupling efficiency achieved is ~ 67.9 %.

5.5.1. Theory and method

Some optoacoustic applications like OAE require laser light coupling into optical fibers at different
wavelengths. The aim of the following work is to develop a multi-spectral optoacoustic system based on
the beam coupling of several near-infrared high power DLBs into 400-um optical fibers with N.A. of
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0.22. In a real implementation, the optical fibers would be collected in a fiber bundle for multi-spectral
OAL Figure 5.11 reports a sketch of this design for a real optoacoustic implementation. The beams are
first collimated and then coupled into optical fibers, which are assembled in a fiber bundle.

808-nm
DLB

880-nm
DLB

910-nm Fiber bundle

DLB

940-nm
DLB

980-nm
DLB

TIT1T

Figure 5.11. Sketch of a multi-wavelength DLBs-based assembly coupled into a fiber bundle.

The DLBs are classified by their fill factor. DLBs of 808 nm, 880 nm, and 940 nm (Jenoptik) have high
fill-factor, while the DLBs of 910 nm and 980 nm (Osram) have low fill-factor. The main characteristics
of the DLBs are summarized in Table 5.1.

Table 5.1. Main characteristics of high-power DLBs emitting at 808 nm, 880 nm, 940 nm (Jenoptik***), 910
nm, and 980 nm (Osram**). *Quasi-continuous wave

Characteristic Value
Central wavelength 808 *** 88O *** 910%** 940%*** 980**
(nm)
Regime QCW* QCW* QCW* QCW* QCW*
Output peak power 300 500 120 300 120
(typical) (W)
Fast axis beam 66.5+1.5 49 +1 61.5+2.5 475+1.5 61.5+2.5
divergence (1/6%)
(degrees)
Slow axis beam 10.5+0.5 13+£2 9.5+1.5 10+£1 9.5+1.5
divergence (1/¢%)
(degrees)
Single emitter 100 190 200 190 200
contact width (um)
Emitter pitch (um) 150 250 400 250 400
Number of emitters 62 37 25 37 25
Fill factor (%) 67 76 50 76 50

5.5.2. Simulations and results

The beam shaping of low fill-factor DLBs and then of high fill-factor DLBs are investigated. All the
sources are modeled in Zemax with their real sizes (Table 5.1), considering an emitter height of 2 pm.
Also the lenses are taken from catalogues and are modelled with their real characteristics. Figure 5.12
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shows the implementation in Zemax of a DLB with the lenses and the optical fiber, as it appears in the
“Non-Sequential Component Editor” in Zemax. This design required a simulation in non-sequential
mode, where all the objects are modelled in a 3D space. Object 1 represents the array of emitters
constituting the DLB; object 2 the FAC lens; objects 3 and 4 the array of bi-convex cylindrical lenses
constituting the BTS; objects 5-7 the collimation and focusing lenses; objects 8 and 9 the optical fiber
core and cladding; finally, objects 10 and 11 represent the light detectors placed before and after the
optical fiber, respectively.

Object Type Comment | ¥ Position Z Position Tilt About I Haterial Radial Height ¥ Half-Width Thickness Radiusl Radius2

1| Source Tw -4 800 0.000 90.000 —| Eli] 10000 4,800 1.000E-003

2| Toroidal FAC 0.o0n 0.094|V 90.000 S-TIHS3 0. 225 5. 500 0.354 0.000 -0 235
3| Toroidal .. ET -4 800 0. 643 45.000 S-TIHG3 0.141 0.430 1.659 0.380 —0.380| F|
[] Array -4 800 0.643| F| 90.000 —| 3 25 1 1.000 0.000
5[ Toroidal 0.o0n 14 675 90.000 S-TIHS3 3.000 7.000 2.000 0.000 -11. 360
6| Toroidal .. 0.000 23,475/ F 0.000 S-TIHG3 7.000 3.500 2.000 22.190 0.000
7| Toroidal 0.000 37 325/ P 90.000 S-TIHG3 3.000 7.000 2.000 11488 0.000
B[ Cylinder o.o0n 52 248 0.000 1.46.0.0 0200 10 000 0.200

9| Cylinder .. 0.000 52.248| P 0.000 1.44.0.0 0.220 10.000 0.220

10| Detector . . DL 0.000 52.238/F 0.000 2.000 2.000 512 0 [1]
11| Detector D2 0.o0n 62 348| P 0.000 2.000 2.000 512 0 1}

Figure 5.12. Screenshot of the Non-Sequential Component Editor in Zemax showing the implementation of a
DLB with the optical elements.

5.5.2.1. Low fill-factor DLBs

Two additional cylindrical lenses with back focal length of 25.15 mm and 12.50 mm, respectively, are
used for beam focusing in each axis and positioned so that their focal points coincide. Figure 5.13 shows
the Zemax design in both top and side views.

Figure 5.13. Design for beam focusing of low fill-factor DLBs (910 nm and 980 nm): a) top view, b) side view.

Their beam is first collimated by means of a FAC lens, and then is 90°-rotated with a BTS. An additional
collimation lens corrects the residual divergence and a pair of lenses focuses the beam in a 400-um
optical fiber.
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Figure 5.15. Beam profile of the focused spot at 980 nm expressed in incoherent irradiance: a) fast axis, b)
slow axis, c) spot focused at the input of the optical fiber.

The beam profiles of the spots focused at the input of the optical fiber are calculated in Zemax in terms of
incoherent irradiance in function of the position on x- and y-coordinates, corresponding to fast and slow
axis, respectively. In addition, for each DLB the shape of the focused spot is depicted. Figures 5.14 and
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5.15 depict the beam spot focused at 910 nm and 980 nm, respectively. In both cases, the focused spot has
a size of ~ 0.2 mm x 0.2 mm, which is compatible for focusing into a 400-um optical fiber. The ideal
situation is achieved, since the focused beam has a symmetrical shape.

5.5.2.2. High fill-factor DLBs

As previously specified, the market does not offer BTSs and SAC lenses suitable for high-fill factor
DLBs whose pitch is smaller than those used for low fill-factor DLBs. This aspect makes hard the
coupling into any optical fiber. In such a way, customized elements are required and their cost would be
much higher if compared to the commercial ones. For this reason, it has first been decided to apply a
cheaper alternative based on free space propagation by using catalogued lenses. A 940-nm DLB has been
considered a as an example for free space optoacoustics (Fig. 5.16). The 940-nm DLB is formed by 37
emitters (Table 5.1) disposed in a horizontal array and the optical peak power emitted can reach 300 W.
Essentially, this design consists of a FAC lens close to the source, a beam expander (i.e. a pair of concave
and convex lenses) to expand the beam in x-axis, and a focusing lens. The focused spot has a size of ~ 2.8
mm x 2.7 mm (Fig. 5.17). Such a spot cannot be coupled into an optical fiber, but it can be suitable for
potential optoacoustic applications in free space. The spot size is ~ 7.6 mm” at a focal distance of 16.48
mm from the focusing lens. The spot size keeps a waist of 3 mm (£ 400 um) in each axis for a distance of
4 mm. In a second step, it is simulated the same scheme used for low fill-factor DLBs by means of BTSs
with pitch of 400 pum, and it is demonstrated an effective beam focusing into 400-um optical fibers.
Figures 5.18, 5.19, and 4.20 depict the beam spot focused at 808 nm, 880 nm, and 940 nm, respectively.
In all the cases, the beam spots focused have not a perfect circular shape, but they can be coupled into a
400-um optical fiber. At 808 nm the focused spot size is ~ 0.25 mm x 0.20 mm, at 880 nm is ~ 0.29 mm x
0.20 mm, and at 940 nm is ~ 0.31 mm x 0.18 mm.

Figure 5.16. Alternative lens system simulated in Zemax for beam focusing of high fill-factor DLBs: a) top
view, b) side view.
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5.5.2.3. Performances

Table 5.2 summarizes the performances achieved with the proposed designs: the values of the spot sizes
achieved for each source and the power percentages before and after the 400-um optical fiber (N.A. =
0.22) with respect to the power emitted by the sources. The results demonstrate low power losses
introduced by the lenses (between 16 % and 18.3 %) for diffraction effects and high coupling efficiencies

with the optical fiber. Experimental measurements will be necessary to assess the agreement with the
simulated results.

Table 5.2. Performances achieved with the optical designs. *compared to the power of the source

Characteristic Value
Central wavelength 808 880 910 940 980
(nm)
Spot size (fast axis) 0.25 0.29 0.20 0.31 0.20
(mm)
Spot size (slow axis) 0.20 0.20 0.20 0.18 0.20
(mm)
Optical power before 81.7 81.0 84.0 83.0 84.0
optical fiber* (%)
Optical power after 76.3 76.8 78.8 78.3 78.8
optical fiber* (%)

The performances of the beam focusing are quantified from the reduction factor of the BPP ratio
(BPP,/BPP,) from the source to the focused spot, located at the input of the optical fiber (Table 5.3). All
the emitters have been considered with a vertical size of 2 um and variable emitter width (Table 5.1),
which correspond to the double of the parameters wy, and wy, in Eq. (5.14) and (5.15), respectively.
Additionally, the half angle divergences in fast and slow axes have been considered as the half of the

mean values reported in Table 5.1. The reduction factor of the BPP ratio is quite significant in each case,
as it can be seen from Table 5.3.

Table 5.3. BPP ratios and corresponding reduction factors from the source to the
focused spot calculated for each DLB.

Characteristic Value
Central wavelength 808 880 910 940 980
(nm)
A =BPP,/BPP, ~ 731 ~ 1227 ~ 772 ~974 ~ 772
(source)
B = BPP,/BPP, (foc. ~ 1.885 ~1.511 ~2 ~ 1.486 ~2
spot)
Reduction factor ~ 388 ~ 812 ~ 386 ~ 655 ~ 386
(A/B)
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5.5.3. Discussion

A multi-wavelength scheme of DLBs emitting at 808 nm, 880 nm, 910 nm, 940 nm, and 980 nm,
respectively, is proposed in a single package based on wavelength-beam combining (WBC) technique.
The implementation of this scheme in Zemax is illustrated in Figure 5.21, where the DLBs are disposed in
ascending order of wavelength from the left to the right. The beams of the DLBs are collimated in the fast
axis by means of a FAC lens and then are 90°-rotated by a BTS and combined by 45°-tilted dichroic
mirrors with ideal transmission coefficient spectra (Fig. 5.22). The combined beam is then coupled into an
optical fiber (400-pm core diameter, N.A. = 0.22) by using a pair of focusing lenses. Such a design would
lead to unsustainable costs for the customization of dichroic mirrors (i.e. ~ 18,000 euros in total), since
they are not available in the market with these specifications. In this regard, an alternative design making
use of dichroic mirrors and a PBS available in the market (Fig. 5.23) is proposed. In this case, the design
is divided into two blocks: on the left there are two DLBs emitting at 940 nm and 880 nm, and on the
right there are three DLBs emitting at 808 nm, 910 nm, and 980 nm. On the left, the beam of 940-nm
DLB is reflected by a 45°-tilted unprotected gold mirror (model PFSQ05-03-M03, Thorlabs) with
reflection coefficient of ~ 0.98 at 940 nm and is transmitted by a 45°-tilted dichroic beam splitter (model
DMLP900R, Thorlabs) with transmission coefficient of ~ 0.90 at 940 nm and reflection coefficient of ~
0.78 at 880 nm. The beam is combined with the radiation reflected at 880 nm. On the right, the beam of
980-nm DLB is reflected by a 45°-tilted unprotected gold mirror (model PFSQ05-03-M03, Thorlabs) with
reflection coefficient of ~ 0.98 at 980 nm and is transmitted by a 45°-tilted dichroic beam splitter (model
DMLP950R, Thorlabs) with transmission coefficient of ~ 0.99 at 980 nm and reflection coefficient of ~
0.90 at 910 nm. The beam is first combined with the radiation reflected at 910 nm and then with the beam
of 808-nm DLB reflected by a 45°-tilted dichroic beam splitter (model FF875-Di01-25x36, Semrock).

Figure 5.21. Implementation of a multi-wavelength system in Zemax based on the beam combining of five
DLBs emitting at 808, 880, 910, 940, and 980 nm, respectively, by using ideal dichroic mirrors.

This device has transmission coefficient of ~ 0.98 at 980 nm and ~ 0.97 at 910 nm, and reflection
coefficient of ~ 0.997 at 808 nm. Hence, a PBS (model PBS122, Thorlabs) combines the two beams
coming from the bottom and from the left in a single beam that is finally coupled into a 400-pum optical
fiber by a pair of focusing lenses. In a real implementation, this system would also need a half-wave plate
to rotate the polarization state of one of the two beams. In this case, the overall cost of the dichroic
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mirrors, the half-wave plate and the PBS would be ~ 7.5 times less (~ 2,400 euros) than the whole cost of
the dichroic mirrors of the system designed in Figure 5.21. Concerning the FAC lenses, BTSs and
focusing lenses, the cost would be unchanged because they are the same elements of Figure 5.21. Table
5.4 reports the characteristics of the dichroic mirrors at the wavelengths of interest. Figures 5.24 and 5.25
report their transmission and reflection spectra, respectively.
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Figure 5.22. Ideal transmission spectra of 45°-tilted dichroic mirrors. The mirrors are labeled with “1, 2, 3,
and 4” from the left to the right.

Figure 5.23. Alternative implementation of a multi-wavelength system in Zemax by using commercially
available dichroic mirrors and PBS.
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Figure 5.24. Transmission spectra of the dichroic mirrors used in the design of the multi-wavelength system.
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Figure 5.26 illustrates the profile of the beam spot focused by the multi-wavelength system. Since the
spot size is ~ 0.23 mm x 0.24 mm, it is coupled into a 400-pm optical fiber. The rays diffracted by the
BTSs have been removed with filtering in Zemax. However, they represent a negligible portion of power.
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Figure 5.25. Reflection spectrum of the unprotected gold mirrors used to reflect the beam of 940 nm and 980
nm DLBs, respectively.
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Figure 5.26. Beam profile of the spot focused by the multi-wavelength system: a) fast axis, b) slow axis, c) spot
focused at the input of the optical fiber. The multi-wavelength combined beam is easily coupled into a 400-pm
optical fiber.

Table 5.5 summarizes the performances achieved with the multi-wavelength design of Figure 5.23. The
optical power is coupled into a 400-pum optical fiber and the coupling efficiency is 67.9 %.
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* P-polarization, ** S-polarization

Table 5.4. Characteristics of the dichroic mirrors used for the multi-wavelength DLB system.

Characteristics
Device model Cutoff Transmission Reflection
wavelength coefficient coefficient
(nm)
PFSQ05-03-M03 560 ~0.04 (940 nm, ~0.98 (940 nm,
980 nm) 980 nm)
FF875-Di01-25x36 875 ~0.97 (910 nm) ~0.997 (808 nm)
~0.98 (980 nm)
DMLP900R 900 ~0.90 (940 nm) ~0.78 (880 nm)
DMLP950R 950 ~0.99 (980 nm) ~0.90 (910 nm)
PBS122 - > (0.9% > (0.995%*

Table 5.5. Performances achieved with the multi-wavelength system. *compared to the power of the source

Characteristic Value
Spot size (fast axis) (mm) 0.23
Spot size (slow axis) 0.24
(mm)

Optical power before 72.0
optical fiber* (%)

Optical power after 67.9
optical fiber*(%)

5.6. Conclusions

In summary, the beam coupling of single DLBs into 400-um optical fibers has been modelled at different
wavelengths (i.e. 808 nm, 880 nm, 910 nm, 940 nm, and 980 nm) by using Zemax ray tracing software
operating in a non-sequential mode. DLBs with different optical power and fill factor have ben simulated,
showing significant performances of beam focusing and coupling efficiency into optical fibers. The use of
FAC lenses and BTSs has been the key factor for proper beam shaping. In this way, the focusing into
small spots has been feasible with additional focusing lenses. Finally, all the sources have been combined
in a single package for beam focusing into a 400-um optical fiber, making use of dichroic mirrors and
PBS available in the market. Also, in this case, the results have showed a successful beam focusing in a
small spot with very good coupling efficiency. The current multi-wavelength system can be furtherly
expanded to other wavelengths (i.e. 630 nm, 650 nm, 760 nm, and 850 nm), following the design scheme
proposed in this chapter. The successful coupling of a multi-spectral DLB-based source into a 400-um
optical fiber opens up new possibilities of applications in OAE that require non-invasive inspection of the
body, but also for other emerging optoacoustic techniques.
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Chapter 6

Conclusions and future work

The purpose of this thesis has been to study the applicability of high-power diode laser sources in
optoacoustic systems, simulating their potential applications with some expeniments. The necessity to
improve the performances and reduce the costs of the existing optoacoustic systems for biomedical
applications has been the main motivation of the work presented in this dissertation, in which high-power
diode laser sources have been presented as possible candidate to replace the solid state lasers. An
optoacoustic setup has been specifically designed and improved to quantify the optoacoustic response of
different kinds of nanoparticles embedded in tissue-like phantoms or hosted in quartz cuvettes. To
implement this system. a conceptual understanding of the optical propagation in tissues and the processes
involved in the optical to acoustic conversion has been necessary.

This study has begun with a review of the optical propagation in attenuating media, where two key
parameters associated with this process have been defined: optical absorption and scattering. These are
characterized by the absorption and scattering coefficients, u, and u_, . respectively. According to

Beer-Lambert law, it has been seen that the optical energy passing through an attenuating medium
decreases exponentially with the depth., where the decay constant is directly proportional to the
abovementioned attenuation coefficients of the medium. For efficient optoacoustic signal generation to
take place, the absorbed optical energy must fulfill both the conditions of stress and thermal confinement,
due to thermoelastic expansion of the medum (i.e. a biological tissue) that 1s iwrradiated by the optical
pulse. It has been shown that the amplitude of the initial pressure induced within the medium 1s directly
proportional to the optical energy absorbed.

The work presented in this dissertation reflects the step-by-step improvements of the research activity
realized during my doctoral studies over the last three years and a half The main 1ssue of this work was to
develop a multi-wavelength optoacoustic system based on high-power diode laser sources. Let us
summarize the most important achievements and the conclusions obtained for the research.

For the expeniments carried out in the laboratory, it has been imitially developed a dual-wavelength
optoacoustic setup focusing the light ematted by high-power diode lasers (at 870 nm and 905 nm),
disposed in a semicircular array, by means of lens tubes. In this case, solutions of double-walled carbon
nanotubes and ink have been used in different concentrations, embedded in soft phantoms. to stimulate
the optoacoustic signal emmssion. The preparation of optical phantoms, made of neutral gelatin and agar-
agar have, has been shown step-by-step, underlining the importance of using alimentary preservatives to
avoid the onset of fungus and permit a longer usage. The optical absorption of the diluted carbon
nanotubes and ink solutions has been characterized by the optical power transmatted at 870 nm and 905
nm. Successively, it has been tested how the amplitude of the optoacoustic signals generated is
proportional to the pulse width and the optical power applied.
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Due to the incapability of the lens tubes to provide a stable alignment, they have been replaced with more
stable optical fiber connections to be applicable in a realistic scenario. The beam coupling of the high-
power diode lasers has been improved by using optical fibers joined together in fiber bundles to more
efficiently illuminate the samples. However, the beam coupling of high-power diode lasers into optical
fibers is necessary for endoscopic optoacoustic applications, due to their versatility and practicability.
Light emitted by the high-power diode lasers has been first collimated and then focused in optical fibers
through small lens systems formed by collimating and focusing lenses, making use of three-dimensional
mechanic translators for optimal alignment. It has been mentioned the fabrication process applied to build
the fiber bundles, which have been first connectorized using epoxy and afterwards cleaved using ruby
scriber and polished. The single optical pulses emitted by the high-power diode lasers have been
previously synchronized at both wavelengths before measurements. The optical pulses of the single high-
power diode lasers have been first measured individually at the output of the optical fiber bundle.
Successively it has been measured the resulting optical pulse when they operated all together. It has been
shown that the individual and the combined optical pulses were perfectly overlapped in time and had the
same shape, rise and fall times. This test has been very important to check the synchronization of the
sources with each other in order to ensure an optimal power combining during the light focusing on the
samples.

Secondly, this improved setup has been used to optoacoustically test solutions of graphene oxide
(graphene oxide (GO), reduced graphene oxide (rGO), and graphene-oxide/gold nanoparticle hybrid
(rGO@Au)) at 905 nm. In this case, the 870-nm sources have not been used because they were
unavailable at that time. For this experiment three 905-nm high-power diode lasers coupled to a 675-um
fiber bundle of 200-um optical fibers have been assembled. For this occasion new phantoms have been
fabricated with square shape to host the graphene-oxide solutions. The attenuation coefficients of both the
phantom and the graphene-oxide solutions have been characterized from the optical power transmitted,
showing some approximations. The absorption coefficient of the phantom and the scattering coefficients
of the graphene-oxide solutions have been considered negligible. Optoacoustic signals detected exhibited
the highest amplitude with rGO and the lowest with rtGO@Au. The optoacoustic sensitivity (optoacoustic
signal amplitude/input power) has also been studied in each of the three cases.

Successively, two solutions of gold nanorods dispersed in distilled water (0.8 mg/ml) with absorption
peak at ~ 860 nm and ~ 900 nm, respectively, and hosted in tissue-like phantoms have been used to
generate optoacoustic signals at 870 and 905 nm. Three holes with different diameters (i.e. 1 mm, 2 mm,
and 4 mm) have been done in the phantoms at different depths (0.9 cm, 1.8 cm, and 2.7 cm) to host the
gold nanorods inclusions. Their optoacoustic response has been evaluated: the highest amplitude has been
detected with the 4-mm inclusion and the lowest with the 1-mm inclusion. Also, their signal-to-noise
ratios have been evaluated considering the floor noise as reference. In the same work it has been remarked
that the high optoacoustic response exhibited by gold nanorods make them suitable for potential
application in OAS as exogenous contrast agents to detect and monitor emerging diseases.

Afterward, an inverse algorithm has been proposed to estimate the concentrations C,, of M chromophores
with known absorption coefficient spectra um(/ln), expressed in a NxM matrix, from the normalized
optoacoustic signals B(4,,) detected at N wavelengths. It has been discussed the non-linear dependence of
the parameter B(A,,) on the attenuation of the input optical power P(A,,) along the optical path d. Then,
it has been assumed a linear system considering that all the signal amplitude comes from the entrance of
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the cuvette (i.e. d < 1). Specifically, the absolute concentrations C; and C, of two gold nanorods
solutions mixed in quartz cuvette in three different proportions (i.e. 40/60, 50/50, and 60/40) have been
estimated from the analysis of the optoacoustic signals detected at 870 nm and 905 nm. The calculated
values of C; and C, presented a maximum observational error of 2.76 % from the expected values. The
pulses produced to generate optoacoustic signals have been alternated between the two wavelengths by a
microcontroller circuit with fast switching (0.5 ms). Successively, a 972-nm diode laser bar has been
added to the system to further reduce the error to a maximum value of 1.34 %. In this case, the switching
times between the three wavelengths have been reduced to 0.33 ms. In this work, it has been discussed
that one potential application of this method is the real-time assessment of the quantity of gold
nanoparticles that should be administered to the patient to have appreciable contrast between the
interested chromophores.

Finally, the discussed importance of achieving high optical energy levels for optoacoustic applications has
prompted the last work presented in this dissertation, concerning the modeling of new high power diode
laser sources by using the software Zemax. It has been proposed the design of several commercially
available high-power diode laser bars with low (< 50 %) and high fill factor (> 50 %) (See also Appendix
C) that can operate at both quasi-continuous wave and pulsed regimes in the near-infrared spectrum (i.e.
808 nm, 880 nm, 910 nm, 940 nm, and 980 nm). About this, it has been remarked that one potential
application of diode laser bar sources is optoacoustic endoscopy that requires a non-invasive inspection of
the human body. To do so, the beam coupling into optical fibers is required. In this regard, specific optical
microlenses taken from catalogue (i.e. fast axis collimation lenses, beam twisters, and focusing lenses)
have been modelled to achieve the focusing of their beams into 400-pum optical fibers showing very good
coupling efficiencies (between ~ 76.3 % and ~ 78.8 %). Secondly, based on wavelength-beam combining
technique, these sources have been simulated in a compact multi-wavelength scheme making use of
dichroic mirrors and other optical elements to focus their combined beam into a 400-um optical fiber,
showing also in this case an high efficiency (~ 67.9 %). As a result, the high efficiency achieved
demonstrates the capability of this assembled system to be applied in real optoacoustic applications.

In conclusion, it has been observed that the proposed multi-wavelength system based on diode laser bars
can be furtherly expanded to other wavelengths (i.e. 630 nm, 650 nm, 760 nm, and 850 nm) for a more
functional optoacoustic imaging, and needs fabrication to validate the novelty of the results achieved. The
experimental work presented in this thesis has opened up new lines of investigation on the development
and implementation of both diode laser sources and nanoparticles for optoacoustic applications. In
addition, the accurate determination of absolute concentrations achieved with the gold nanorods by using
diode laser sources (i.e. high-power diode lasers and a diode laser bar) represents a novelty for future
applications involving the quantification of any chromophore or contrast agent present in human body.
However, the main issue of this challenge is represented by the limited availability of high-power diode
laser sources in a large range of near infrared wavelengths. We have seen that diode laser bars offer more
versatility in terms of high optical power and wavelengths of emission.

In this regard, a novel application of the multi-wavelength system designed in Chapter 5 with diode laser
bars can be the determination of absolute concentrations of chromophores or contrast agents, since a large
amount of optical power is required to penetrate in-depth inside the tissues. However, the optical power
available for optoacoustic applications can be further increased by using diode laser stacks.
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Conclusiones y trabajo futuro

El propoésito de esta tesis ha sido de estudiar la aplicabilidad de fuentes de diodos liseres de alta potencia
en sistemas optoacusticos, simulando sus potenciales aplicaciones con algunos expenmentos. La
necesidad de mejorar las prestaciones y reducir los costes de los sistemas optoacisticos existentes para
aplicaciones biomédicas ha sido la principal motivacion del trabajo presentado en esta disertacion, en el
cual se han presentado fuentes de diodos liaseres de alta potencia como posibles candidatos para sustituir
los laseres de estado sélido. Un sistema optoacustico ha sido especificamente disefiado y mejorado para
cuantificar la respuesta optoacistica de diferentes tipos de nanoparticulas embedidas en phantoms con
caracteristicas opticas sumilares a las de los tejidos biolégicos o colocadas en cubetas de cuarzo. Para
implementar este sistema,_ se ha necesitado una comprensién conceptual de la propagacion optica en los
tejidos y de los procesos implicados en la conversion optoacustica.

Este estudio ha comenzado con una revision de la propagacion optica en medios atenuantes, donde se han
defimdo dos parametros clave asociados con este proceso: absorcion y dispersion optica. Estos se

caractenizan por los coeficientes de absorcion y dispersion, . v 4, . respectivamente. De acuerdo con

la ley de Beer-Lambert, se ha visto que la energia optica que pasa a través de un medio atenuante
disminuye exponencialmente con la profundidad, donde la constante de decaimiento es directamente
proporcional a los coeficientes de atenuacion del medio mencionados anteriormente. Para que tenga lugar
una generacion eficaz de sefiales optoacisticas, la energia optica absorbida debe cumplir tanto la
condicion de confinamiento de estrés como la de confinammento térmico. debido a la expansién
termoeliastica del medio (como por ejemplo un tejido biolégico) que es irradiado por el pulso éptico. Se
ha demostrado que la amplitud de la presion inmicial inducida dentro del medio es directamente
proporcional a la energia Gptica absorbada.

El trabajo presentado en esta disertacion refleja paso a paso los progresos de la actividad de imnvestigacion
realizada durante mis estudios doctorales en los ultimos tres afios v medio. El pnncipal asunto de este
trabajo ha sido desarrollar un sistema optoacistico de multiples longitudes de onda basado en fuentes de
diodos liseres de alta potencia. Resumamos los logros mas importantes v las conclusiones obtenidas con
esta investigacion.

Para los expenimentos realizados en el laboratonio, se ha desarrollado imicialmente una configuracién
optoacistica de dos longitudes de onda enfocando la luz emitida por los diodos laseres de alta potencia (a
870 nm vy 905 nm), dispuestos en una configuracion semicircular, mediante tubos de lente. En este caso,
unas soluciones de nanotubos de carbono “double-walled” y de tinta se han utihzado en diferentes
concentraciones, embedidas en phantoms de baja dispersion, para estimmular la emision de sefiales
optoacisticas. La preparacion de phantoms opticos, hechos de gelatina neutra y agar-agar, se ha mostrado
paso a paso. acentuando la importancia de usar conservantes alimentanios para evitar la formacion de
hongos y permuitir un uso mas prolongado. La absorcion optica de las soluciones de nanotubos de carbono
y de tinta dilmados se ha caracterizado con la potencia Optica transmutida a 870 nm v 905 nm
Sucesivamente, se ha probado cémo la amplitud de las sefiales optoacisticas generadas es proporcional al
ancho de pulso v a la potencia 6ptica aplicada.
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Debido a la inhabilidad de los tubos de lentes para proporcionar una alineacidn estable, esos han sido
reemplazados con conexiones de fibras Opticas mas estables para ser aplicables en un escenario real. El
acoplo de los haces de los diodo laseres de alta potencia ha sido mejorado utilizando fibras opticas unidas
en “fiber bundles” para iluminar las muestras mas eficientemente. Sin embargo, el acoplo de los haces de
los diodos laseres de alta potencia en fibras Opticas es necesario para las aplicaciones optoacusticas
endoscopicas, debido a su versatilidad y practicidad. La luz emitida por los diodos laseres de alta potencia
ha sido primero colimada y luego enfocada en fibras opticas a través de pequefios sistemas de lentes
formados por lentes colimadoras y de enfoque, haciendo uso de sistemas mecanicos para una alineacion
optima en las tres dimensiones. Se ha mencionado el proceso de fabricacion aplicado para construir los
fiber bundles, los cuales han sido primero conectados con epoxi y después partidos y pulidos usando un
pulidor de rubi. Los pulsos opticos individuales emitidos por los diodos laseres de alta potencia han sido
previamente sincronizados en ambas longitudes de onda antes de las medidas. Los pulsos opticos de los
diodos laseres de alta potencia se han medido primero individualmente a la salida del fiber bundle.
Sucesivamente se ha medido el pulso 6ptico resultante cuando todos los laseres operaban todos juntos. Se
ha demostrado que los pulsos dpticos individuales y combinados se superponian perfectamente en el
tiempo y tenian la misma forma y los mismos tiempos de subida y caida. Esta prueba ha sido muy
importante para comprobar la sincronizacion de las fuentes con el fin de garantizar una Optima
combinacion de potencia durante el enfoque de la luz en las muestras.

En segundo lugar, este sistema mejorado se ha utilizado para probar optoacusticamente soluciones de
oxido de grafeno (6xido de grafeno (GO), 6xido de grafeno reducido (rGO) e hibrido de 6xido de grafeno
y nanoparticulas de oro (rGO@Au) a 905 nm. En este caso, las fuentes de 870 nm no se han utilizado
porque no estaban disponibles en ese momento. Para este experimento se han ensamblado tres diodos
laseres de alta potencia de 905 nm acoplados a un fiber bundle de 675 um formado por fibras Opticas de
200 pum. Para esta ocasion se han fabricado nuevos phantoms con forma cuadrada para colocar las
soluciones de 6xido de grafeno. Los coeficientes de atenuacion de las soluciones de 6xido de grafeno y
del phantom se han caracterizado a partir de la potencia Optica transmitida, mostrando algunas
aproximaciones. El coeficiente de absorcion del phantom y los coeficientes de dispersion de las
soluciones de 6xido de grafeno se han considerado despreciables. Las sefales optoacusticas detectadas
tenian la mayor amplitud con rGO y la mas baja con rtGO@Au. La sensibilidad optoacustica (amplitud de
la sefial optoacustica/potencia de entrada) también se ha estudiado en cada uno de los tres casos.

Sucesivamente se han utilizado dos soluciones de nanoparticulas de oro esparcidas en agua destilada (0,8
mg/ml) con picos de absorcion a ~ 860 nm y ~ 900 nm, respectivamente, y colocadas en phantoms con
caracteristicas similares a las de los tejidos biologicos para generar sefiales optoacusticas a 870 y 905 nm.
Se han realizado tres agujeros con diferentes diametros (es decir 1 mm, 2 mm y 4 mm) en los phantoms a
diferentes distancias (0,9 cm, 1,8 cm y 2,7 cm) para colocar las soluciones de nanoparticulas de oro. Se ha
evaluado sus respuestas optoacustica: la mayor amplitud se ha detectado con la inclusion de 4 mm y la
mas baja con la inclusion de 1 mm. Ademas, sus relaciones sefial-ruido se han evaluado considerando el
ruido de fondo como referencia. En el mismo trabajo se ha observado que la elevada respuesta
optoacustica exhibida por las nanoparticulas de oro los hacen adecuados para potenciales aplicaciones en
espectroscopia optoacustica como agentes de contraste exdgenos para detectar y controlar enfermedades
emergentes.
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Posteriormente, se ha propuesto un algoritmo inverso para estimar las concentraciones C, de M
cromoforos con espectros de absorcion conocidos 4, (1,,), expresados en una matriz N x M, a partir de
las sefales optoactsticas normalizadas B(4,) detectadas a N longitudes de onda. Se ha discutido la
dependencia no lineal del parametro B(A,,) sobre la atenuacion de la potencia optica de entrada P(4,,) a
lo largo del camino optico d. Luego, se ha asumido un sistema lineal considerando que toda la amplitud
de la sefial proviene de la entrada de la cubeta (es decir d «< 1). Especificamente, se han estimado las
concentraciones absolutas C; y C, de dos soluciones de nanoparticulas de oro combinadas en una cubeta
de cuarzo en tres proporciones diferentes (es decir 40/60, 50/50 y 60/40) a partir del analisis de las sefiales
optoacusticas detectadas a 870 nm y 905 nm. Los valores calculados de C; y C, han presentado un error
de observacion maximo de 2.76% de los valores esperados. Los pulsos producidos para generar sefiales
optoacusticas han sido alternados entre las dos longitudes de onda por un circuito microcontrolador con
conmutacion rapida (0,5 ms). Sucesivamente, se ha afiadido una barra de diodos laseres de 972 nm al
sistema para reducir ain mas el error hasta un valor maximo de 1,34%. En este caso, los tiempos de
conmutacion entre las tres longitudes de onda se han reducido a 0,33 ms. En este trabajo se ha discutido
que una posible aplicacion de este método es la evaluacion en tiempo real de la cantidad de
nanoparticulas de oro que se deben administrar al paciente para conseguir un contraste apreciable entre
los cromoforos interesados.

Por fin, la argumentada importancia de alcanzar altos niveles de energia Optica para aplicaciones
optoacusticas ha impulsado el ultimo trabajo presentado en esta disertacion sobre el modelado de nuevas
fuentes de diodos laseres de alta potencia mediante el software Zemax. Se ha propuesto el disefio de
varias barras de diodos laseres de alta potencia comercialmente disponibles con bajo (<50%) y alto “fill
factor” (> 50%) (Véase también el Apéndice C) que pueden operar en ambos regimenes de onda cuasi-
continua y pulsado en el espectro del infrarrojo cercano (es decir 808 nm, 880 nm, 910 nm, 940 nm y 980
nm). Sobre esto, se ha observado que una potencial aplicacion de las barras de diodos laseres es la
endoscopia optoacustica que requiere una inspeccion no-invasiva del cuerpo humano. Para esto, se
requiere el acoplo del haz en fibras opticas. A este respecto, se han modelado microlentes Opticas
especificas elegidas en catalogos (como por ejemplo lentes FAC, “beam twisters” y lentes de enfoque)
para conseguir el enfoque en fibras opticas de 400 um, mostrando muy buenas eficiencias de acoplo
(entre el 76,3% y ~ 78,8%). En segundo lugar, basandose en la técnica de combinacion de longitudes de
onda, estas fuentes se han simulado en un esquema compacto de miltiples longitudes de onda utilizando
espejos dicroicos y otros elementos Opticos para enfocar su haz combinado en una fibra 6ptica de 400 pm,
mostrando también en este caso una alta eficiencia (~ 67,9%). Como resultado, la alta eficiencia obtenida
demuestra la capacidad de este sistema ensamblado para ser aplicado en aplicaciones optoacusticas reales.

En conclusion, se ha observado que al sistema propuesto de multiples longitudes de onda basado en
barras de diodos laseres se pueden anadir otras longitudes de onda (es decir 630 nm, 650 nm, 760 nm y
850 nm) para una imagen optoacustica mas funcional y necesita fabricacion para validar la novedad de los
resultados obtenidos. El trabajo experimental presentado en esta tesis ha abierto nuevas lineas de
investigacion sobre el desarrollo e implementacion de fuentes de diodos laseres y nanoparticulas para
aplicaciones optoacusticas. Ademas, la determinacidon exacta de las concentraciones absolutas de las
nanoparticulas de oro usando fuentes de diodos laseres (es decir diodos laseres de alta potencia y una
barra de diodos laseres) representa una novedad para futuras aplicaciones que implican la cuantificacion
de cualquier cromoforo o agente de contraste presente en el cuerpo humano.

96



Sin embargo, el problema principal de este reto esta representado por la limitada disponibilidad de fuentes
de diodos laseres de alta potencia en una amplia gama de longitudes de onda en el infrarrojo cercano. Se
ha visto que las barras de diodos laseres ofrecen mas versatilidad en términos de alta potencia optica y
longitudes de onda de emision.

A este respecto, una nueva aplicacion del sistema de multiples longitudes de onda disefiado en el Capitulo
5 con las barras de diodos laseres puede ser la determinacion de concentraciones absolutas de croméforos
o agentes de contraste, ya que se requiere una gran cantidad de potencia Optica para penetrar en
profundidad dentro de los tejidos. Sin embargo, la potencia Optica disponible para aplicaciones
optoacusticas se puede aumentar adicionalmente usando pilas de diodos laseres.
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Appendix A

Principles of diode lasers

A.l. Introduction

Diode lasers (DLs) are electrically pumped semiconductor lasers able to generate optical gain by an
electric current flowing through a heterostructure (p—n junction) where electrons and holes recombine,
releasing the energy in the form of photons. This process can be spontaneous or stimulated by external
pumping from other laser sources, leading to optical amplification. DLs have an optical feedback that is
usually realized by cleaving the semiconductor material along its crystal planes. The harsh difference in
refractive index between the crystal (~ 3.5) and the surrounding air causes the cleaved surfaces to act as
reflectors. Consequently, the semiconductor crystal behaves both as a gain medium and as a Fabry-Perot
optical resonator. On condition that the optical gain is sufficiently large, the feedback converts the optical
amplification into an optical oscillation that produces lasing.

Some important properties of DLs are determined by the geometry of the cavity of the optical resonator.
Basically, if the light is contained within a very thin layer (<< X), the waveguide structure of the diode
laser supports only a single optical mode (Figure A.1(a)) in the direction perpendicular to the layers. In
this case the DL is known as “single-mode”. Some kinds of DLs, in particular the distributed feedback
lasers [170], operate on a single resonance mode, so that the emission bandwidth is quite narrow. In the
transverse direction, if the resonator length of the waveguide is large compared to the operating
wavelength of light (>> 4), then the waveguide can support multiple transverse optical modes, and the DL
is known as "multi-mode", or even “broad-area” (Figure A.1(b)).

a)Single-mode diode laser b) Multi-mode diode laser
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Figure A.1. Spectrum of: a) single mode and b) multi-mode diode lasers.
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The typical emission width of broad-area DLs is between 100 um and 300 um, corresponding to several
hundreds of times more their central emission wavelength, while the height is no more than 2 pm. Such as
a broad waveguide supports many guided modes, resulting in the typical multimode beam characteristics
of the DLs. The DLs used in this thesis are broad-area (i.e. 200 um and 300 um, respectively). They
belong to the category of edge-emitting lasers, where the laser resonator is formed by coated or uncoated
end facets. Most of them emit a beam with an optical bandwidth of a few nanometers. This bandwidth
results from the simultaneous oscillation of multiple longitudinal (and possibly transverse) resonance
modes that makes them multi-mode DLs.

The optical resonator of a DL consists of a waveguide layer built between two crystal facets working as
mirrors (Fig. A.2). One of these facets is coated to achieve the optimal reflectivity, while the other one is
low reflective to allow the light emission. The intensity distribution of the propagation modes and the
number of modes in the vertical dimension are determined by the thickness and composition of the grown
layers. The propagation modes can have two polarizations: one is nearly transverse electric (TE) and one
nearly transverse magnetic (TM). The electrical field vector of the TE modes and the magnetic field
vector of the TM modes oscillate in the parallel direction to the epitaxial layers. In the lateral direction,
the mode distribution is determined by geometrical aspects of the current injection and by the waveguide
structure. The efficiency of these devices is very high, since almost all the recombination processes can
contribute to the optical gain.

High reflective Mirrors Low reflective

| Cladding layer

Waveguide layer
Active region QW Cladding layer

4————— [-resonator length >

Figure A.2. Schematic of the optical resonator of a DL [171].

A typical scheme of a semiconductor DL structure is shown in Figure A.3. A DL is electrically a PIN
diode; when a positive electrical potential is applied at the p-doped region, the holes will move to the n-
doped region. A negative electrical potential at the n-doped region will drive the electrons to the p-doped
region. In this way, the carriers (both electrons and holes) are pumped from the respective n- and p-doped
regions into the active region (called also “pn-junction”), where they are recombined and create one
photon. To achieve a substantial current flow, the electrical potential supplied must be at least slightly
above the potential difference in the band gap. All modern lasers use the double-heterostructure
implementation, where the carriers and the photons are confined in order to maximize their probabilities
of recombination and light generation. The DL is formed by an epitaxial structure' that is grown on a
metal n-contact starting from an n-doped cladding (substrate) and growing an n-doped waveguide layer,
followed by the active region, a p-doped waveguide, a p-doped cladding, and finally a metal p-contact. In
modern semiconductor DLs, due to development of modern epitaxial growth methods, the active region
consists of a quantum well®, which provide lower threshold current and higher efficiency [172].

'Epitaxial refers to the deposition of a crystalline overlayer on a crystalline substrate.
’The active region of the device is so narrow that quantum confinement occurs. The confining dimension is large compared to the wavelength of
the particles confined.
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In quantum well, a thin layer of about 10 nm (InGaAs, AllnGaAs or GaAsP) is surrounded by material
with a larger band gap. The injected carriers are confined in a very thin layer by the potential barriers of
the larger band gap material. DLs are fabricated using direct bandgap semiconductors (Fig. A.4).

Stripe width 100 pm...200 pm

p-contact

n-contact

Epitaxial layers (=5 um)

p-doped cladding

rd p-doped waveguide

Active region

\ n-doped waveguide

S n-doped cladding

Figure A.3. Typical structure of a semiconductor DL formed by epitaxial layers [171].

When an electron is raised into the conduction band (i.e. by absorption of a photon or injected current), it
leaves a hole in the valence band. The optical gain is then generated by radiative recombination of these
electron-hole pairs. DLs are fabricated with III-V compound semiconductors that exhibit direct band
gaps, so that they have high carrier mobility that makes them suitable for light-emitting optoelectronic
components. Gallium arsenide, indium phosphide, gallium antimonide, and gallium nitride are typical
examples of compound semiconductor materials that can be used to create DLs. The transition between

the materials creates the direct bandgap property.

Conduction band _ _ _ _\ o /__
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Photon energy i
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Figure A.4. Band structure of a DL based on direct bandgap property that allows efficient generation of light
after electron-hole pair recombination. E, is the energy difference between valence and conduction band,

while E; and Ej, are the quasi-Fermi levels [171].
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The energy of the generated photon corresponds to the difference between the energy levels of the
valence band and conduction band. The wavelength of the emitted radiation is determined by the size of
the band gap and by the composition of the active region. High-power DLs emitting in the wavelength
region between 700 nm and 1 pm are typically realized with GaAs [171].

Some low-power DLs can emit light beams with relatively high beam quality. However, most high-power
DLs exhibit a relatively poor beam quality that produces astigmatism, due to a high asymmetry of the
beam profile between fast and slow axes (Fig. A.5). In far field the propagated beam has an elliptical
cross-section. The axis with larger divergence angle is called “fast axis”, while the axis with smaller
divergence angle is called “slow axis”. From the beam profiles of Figure A.5 it is possible to calculate the
fast- and slow-axis divergence angles.
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Figure A.5. Normalized far-field intensity distributions in a) fast axis and b) slow axis of a DL [171].

For the calculation of the divergence angles there are different definitions commonly used: i) the
divergence angle at 50 % of the maximum intensity, i.e. the “full width at half-maximum” (FWHM)
criterion, ii) the divergence angle at 1/¢” of the maximum intensity, and iii) the criterion of 95% of power
inclusion that is motivated by the practical need of achieving a certain transmission efficiency through
optics with limited aperture (Fig. A.6).
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Figure A.6. Determination of divergence angles in according to different definitions [171].
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The elliptical beam profile caused by asymmetnc divergence angles can be adjusted by means of beam
shapmg lenses, such as collimating and focusing lenses. In this chapter collimating and focusing lens
pairs are used to couple the DL beam into optical fibers.

Some mathematic models to descnibe the source field of a single emitter DL have been studied, such as
Gauss model, exponent model, and Lorentz model. In practice, Gauss model has been widely used to

describe the source field E(x;. y;)and 1t 1s expressed as [173, 174]:

2 2
E(x, o) = 4 exp[—[%+%]], @a.1)

where 4 1s the amplitude of the source field. wy, and wy,, are the beam waist radius 1n fast and slow axs,

respectively, while x; and y,; denote fast and slow axes at source facet. respectively.

Analogously to a LED, a DL needs a forward voltage drop across the p-n junction to emat light A
forward current 1s then generated producing optical gain in the medinm Depending on the current
intensity, a DL can operate in two different modalities: 1) LED emutting region and 1) laser oscillating
region. The current for which the gain satisfies the lasing condition 1s the threshold cumrent of the laser
I, (laser oscillating region), below which a very little light 1s emitted by the laser structure (LED
emutting region). For an applied current larger than the threshold current. the output optical power B,
increases linearly with the applied current, as illustrated in Figure A 7. The output optical power above

the threshold current can be expressed by the followmg equation:
I,-1,). (A.2)

where Ay 1s the energy per photon (Joule). 5 1s the slope efficiency that indicates that only a fraction of
the generated photons contnibutes to the output power of the laser due to the optical losses throughout the
waveguide, g is the electric charge (~1.6 x 107° Coulomb). and I, op 1s the operation current.

A

LED
emitting region

laser
oscillating
region

Output optical power (W)

-
I

Forward current (4)

Figure A.7. Characteristic curve of a DL divided into two regions: below the threshold current 7, the output
optical power emitted by the DL is very low (LED operation), while after 7, it starts to increase quickly in a
linear relationship with the input current (laser operation).
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A.2. Pulsed high-power diode lasers

DLs are subdivided into continuous and pulsed sources. Although the most common mode of operation of
DLs is continuous-wave operation, many DLs can also generate optical pulses. In most cases, the
principle of pulse generation 1s gain switching that consists in modulating the optical gain of the DL by
switching the injection current. Small DLs can also be mode-locked to generate picosecond or even
femtosecond pulses. In this dissertation, only pulsed high-power diode lasers (HPDLs) based on gain
switching, whose current pulses are supphed by an external current driver, have been used. Normally,
pulsed HPDLs emut optical pulses widths from ns to us. while in our case the maximum ratings of the
DLs require to not exceed 100 ns. For this category of DLs one important parameter 15 the duty cycle

(d.c.). which 1s the ratio between the pulse width T, P and the repetition time 7, between two successive

pulses. Alternatively, 1t can be expressed as the pulse width TP multiplied by the repetition rate F, . In
both cases, it can be expressed as a percentage:

T
d.c.(%):prl{]U %=T,xF,x100 %. (A3)

r

The peak power Poak of each pulse can be multiplied by the duty cycle (not in % this time) to achieve

the average power Pm.g :
B, =P, xdc. (A4)

This parameter is crucial in optoacoustic experiments, since it 1s used it to quantify the amount of power
deposited in the absorbers. More important 1s the energy per pulse E;;r that 1s defined as the ratio between

the average power Pm.g and the repetition rate F,_ . but 1t can also be expressed as the peak power

multiplied by the pulse width:

P
E,=—%=P . (A.5)

For the experiments carried out in this dissertation, HPDLs emitting nanosecond optical pulses of high
peak power (~ 90 W) and average power of some pJ have been used.

HPDLs are commonly used in many applications as reliable, compact and high luminous sources. Pulsed
dniving currents with narrow pulses (in the order of ns). high power (generally up to ~ 100 W) and high
repetition rates (in the order of kHz) make HPDLs very suited for optoacoustic imaging, spectroscopy and
tomography. Additionally, the current pulses should have high quality shapes to fulfill the requirements
of optoacoustic signal generation (1.e. Tp<Ty and Tp < T orgss )-

For these reasons, they require driving circuits based on power MOSFETs that are able to generate high
current pulses with short pulse width and rectangular shape. The HPDLs used in this chapter operate with
maximum output current and pulse width of 32-35 A and 100 ns, respectively.
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Appendix B

Beam combination of high-power diode lasers for
optoacoustic endoscopy

B.1. Introduction

The light coupling efficiency of two triplets of HPDLs at 870 nm and 905 nm is experimentally
investigated into multimode optical fibers with 200-pm (FT200EMT, Thorlabs Inc., N.A. of 0.39) and
400-um core diameter (FT400EMT, Thorlabs Inc., N.A. of 0.39), respectively, arranged in hexagonal
disposition. These optical fibers are joined to form 7-to-1 round optical fiber bundles featuring a 675-pum
and 1.2-mm aperture, respectively. In a second step, the output light of these fiber bundles is coupled into
a 600-um endoscopic fiber, reporting the corresponding coupling efficiencies. As a result, the coupling
efficiency of the HPDLs is significantly higher with 400-um core optical fibers, but at the output of 1.2-
mm fiber bundle the coupling into a 600-um endoscopic fiber is poorer if compared to 675-um fiber
bundle [175]. Fiber bundles with reasonable small core diameter are likely to be used for providing
sufficient light energy to potential OAE applications. In this section, it is proposed the use of endoscopic
optical fibers with < 1 mm diameter to reduce the invasiveness of the probes within the human body, even
though the market offers catheters with larger diameters [176].

B.2. Power measurements

Figure B.1 shows the output of the fiber bundle connected to a power sensor (S120C, Thorlabs) for the
measurements of optical average power.

——— a ot

Figure B.1. Output of a fiber bundle connected to a power sensor for power measurements.

In Table B.1, it is reported the average power measured at the output of the fiber bundles when: 1) each
individual HPDL is coupled into the 200-pm optical fiber, ii) the three HPDLs are coupled
simultaneously into the 675-um fiber bundle, iii) each individual HPDL coupled into the 400-um optical
fiber, and iv) the three HPDLs are coupled simultaneously into the 1.2-mm fiber bundle. These values are
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expected to be the sum of the average power from each singular HPDL, but actually they result less (= 90
% of the real value) because of the saturation of the power sensor when several sources are applied
simultaneously. For this reason the real values, calculated with the sum of the power of the single sources,
have been included in parenthesis. The values of average power have only been reported in mean values,
whereas the standard deviations have been considered negligible.

Table B.1. Average power of 870-nm and 905-nm HPDLs measured in different steps of the setup.

Individual Combined Individual Combined
average average power average average power
power (mW) (mW) power (mW) (mW)
Diode 200-pm 675-pm 400-pm 1.2-mm
Laser optical fiber fiber bundle optical fiber fiber bundle
4914 5.944
HAMAMATSU 4.944 14.19 6.028 15.54
870 nm 4954 (real: 14.81) 6038 (real: 18.01)
4.900 5.704
OSRAM 4.985 13.76 5.900 15.59
905 nm 5.010 (real: 14.90) 5.967 (real: 17.57)

Table B.2 reports the coupling efficiencies of the single HPDLs achieved with 200-pm and 400-um core
optical fibers, achieved in experiments (mean values and standard deviations) and simulations,
respectively. As expected, the coupling efficiency is significantly higher with a 400-pm optical fiber.

Table B.2. Coupling efficiencies of 200-um and 400-pm optical fibers with 870-nm and 905-nm HPDLs.

Coupling efficiencies
200-pm 400-pm
optical fiber optical fiber
Diode Laser Experiment | Simulation | Experiment | Simulation

HAMAMATSU 66.5 % 67.8 % 80.8 % 78.7 %
870 nm +0.3% +0.7%

OSRAM 64.8 % 62.9 % 76.4 % 77.4 %
905 nm +0.8% +1.8%

In OAE applications, the output light of the endoscopic probe is delivered within a biological tissue to
detect optoacoustic signals in deep tissues or internal vasculature. The next step is to couple the output of
the fiber bundles into a 600-um endoscopic fiber (N.A. = 0.5) and to calculate the coupling efficiencies at
870 nm and 905 nm.

Table B.3. Average power measured at the output of 600-um fiber probe and corresponding
coupling efficiencies at 870 nm and 905 nm.

Fiber Average Coupling

Bundle power efficiency
HAMAMATSU | 675-pm 12.40 mW 87.4 %
870 nm 1.2-mm 6.47 mW 41.6 %
OSRAM 675-pm 11.94 mW 86.8 %
905 nm 1.2-mm 6.78 mW 43.5 %
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The choice of 600-um fiber is due to the size restrictions for OAE applications, since the endoscopic
probe has to penetrate in depth into biological tissues. Table B.3 reports the average power measured after
coupling the 675-um and 1.2-mm fiber bundles with a 600-um fiber probe, respectively, and the
corresponding coupling efficiencies when two sets of three 870-nm and 905-nm HPDLs are applied.
Although a higher level of average power is coupled into a 1.2-mm fiber bundle (Table B.1), it is much
more convenient to use a 675-um fiber bundle when combining the output light to a 600-pum fiber probe.
In fact, the coupling efficiency is significantly higher by using a 675-pm than a 1.2-mm fiber bundle
(Table B.3). However, the choice of the fiber bundle depends on the specific OAE application needed and
should take into account a trade-off between efficiency and core diameter of the optical fibers.
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Appendix C

Modelling of a lens system for the optical beam
focusing of diode laser bars with high fill factor for
optoacoustic applications

C.1. Introduction

A customized optical system composed of collimating and focusing lenses is proposed to achieve the
beam focusing of high-brightness diode laser bars with high fill factor for optoacoustic applications.
Through an optimized design, the beam of a 940-nm diode laser bar is first collimated and symmetrized
between the fast and slow axes, and then is reduced in size into a square beam (~ 3.7 mm x 3.7 mm at 1/¢*
of the peak) with intensity of ~ 3.2 kW/cm”. In an optoacoustic environment, the optical spot achieved
can illuminate a small region of tissue at high intensity to achieve in-depth imaging with high resolution.

High-power diode laser bars (DLBs) and stacks (DLSs) are extensively used in several applications, such
as metal welding and soldering [177], surface treatments [171], solar cells fabrication [178], laser surgery
[179], molecular and atomic spectroscopy, and military defense [180]. Recently, DLSs at 808 nm have
been proposed also for optoacoustic applications [162]. These devices can provide very high values of
optical peak power (from hundreds of W to several KW), but they suffer from high divergence of the
beam propagated [171] that requires additional optical elements for beam shaping [181]. Industrial
applications already have solutions for beam shaping of DLBs and DLSs with fill factor up to 50 % (the
fill factor is the ratio between the emitter width and the emitter pitch and is expressed in percentile). Their
brightness increases with the fill factor, but their beam gets more complex to handle due to the short
distance between emitters. Unfortunately, the market does not offer appropriate lenses to collimate the
beam of diode laser devices with fill factor greater than 50 %. In this case the beam collimation is
problematic because the array of slow axis collimation (SAC) lenses should be very close to the source,
due to the short distance between adjacent emitters that causes a “fast” divergence of the slow axis in
short distances. Consequently, there would be not space to include a fast axis collimation (FAC) lens that
normally comes first [182-183]. The technical goal is to develop a laser source to illuminate a target at
high intensity with a near-square pattern. The approach is to use a high-power DLB with fill factor of 76
% (emitter width and pitch of 190 um and 250 um, respectively), taking into account a realistic model of
Jenoptik (JDL-BAB-75-37-940-TE-300-1.5) with 37 emitters and radiating in the near-infrared (NIR) at
the central wavelength of 940 nm, suitable for OAI [184]. A customized lens design is proposed for this
DLB. Collimating and beam focusing lenses have been designed in Zemax environment to reduce the
beam size of the abovementioned DLB. In this case, the collimating lenses have not been positioned close
to the source but at a certain distance that allows the beam symmetrization between the two axes and the
collimation. More specifically, cylindrical FAC and SAC lenses have been positioned at 12 mm and 23
mm from the DLB, respectively. In such a way, the beam is symmetrized and collimated at the same time.
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As a result, the beam observed on a detector plane (at 40 mm from the source) shows a sem-square shape
(~ 12.35 mm x 11.62 mm) that facilitates 1ts handling in a successive stage. Then, a second pair of
crossed cylindrical lenses has been designed to reduce the beam size. Successively, another pair of
cylindrical lenses (one plano-concave and the other one plano-convex) is used to reshape the beam in a
smaller spot with size of ~ 3.7 mm x 3.7 mm (at 1/e”) and intensity of ~ 3.2 kW/cm”. Due to the large
number of emitters, the beam spot could not be reduced more in the slow axis. Basically, the latter lens
pair has been designed to achieve a square spot for optoacoustic applications 1n which a homogeneous
beam profile 1s required for uniform light focusing on an absorbing target.

C.2. Simulations

The beam collimation 1s shown in Figure C.1 and the optical elements are arranged following the order of
the abovementioned description. In Table C.1. the main characteristics of the DLB are reported. The high
number of emitters (37) of this bar is responsible for such high output peak power (300 W) but goes to the
detniment of the beam quality, due to a higher beam parameter product (BPF).

Table C.1. Main characteristics of the DLB. *Quasi-continuous wave

Characteristic Value
Central wavelength 940 nm
Regime QCW*
Output peak power 300 W
Fast axis beam divergence 475+15°
(1/e?)
Slow axis beam divergence 101"
(1))
Single emitter contact width 190 pm
Emitter pitch 250 um
Number of emitters 37
Fill factor 76%

The charactenistics of the collimating lenses are listed in Table C.2. The beam-parameter product (BPP) 1s
necessary to estimate the beam quality in both fast and slow axes. In fast axis, 1t 15 defined as the waist
radius wy, (1. the half of the vertical size in fast axis) multiplied by the half angle divergence 6 4 of
the beam along the fast axis. Instead. in the slow axis it corresponds to the waist radius wy,, (which 1n our
case comresponds to the half of the emitter width in slow axis (see Table C.1)) multiplied by the half angle
divergence 6 pqir of the beam along the slow axis and the number of emutters, normalized to the bar fill
factor. Hence, the BPP; in fast axis and slow axis (BPP; and BPP,) are respectively expressed by:

BPP, = Wo, %6, pye - (C.1)
Wy, X8 » number of emitters
BPB, - 0y * 1/ haif ©2)
bar fill factor

where the bar fill factor 1s normally expressed in % and is the ratio between the emitter width and the
emitter pitch (Table C.1). In order to achieve the necessary beam quality for an efficient fiber coupling,
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the BPP ratio (BPP,/BPP;) should be made as close as possible to 1 by means of beam shaping lenses.
Assuming a vertical size of 2 pm (namely w,, = 1 pm) for each emutter, at the output of the DLB. the
BPP; m fast axis (BPP,) and slow axis (BPP,) are respectively:

BPP =1umx 23.75" = 0.41 pm >rad. (C.3)
05 5 x 37 emitters
ppp -2 MY T ~ 403 607 pm >rad, (C4)
¥ fill factor

Hence, from Eqs. (C.3) and (C.4) 1t can be derived that:

BPEy 984 4 C5
P, ~ 9844 (C.5)

that will be sigmificantly reduced after collimation.

Table C.2. Characteristics of the collimating lenses.

Component FAC lens | SAC lens

. N-
Material N-LAF21 LAF21

Height {mm}) 16 16
Thickness (mm) 4.5 3.8
Length (mm) 16 16

Radi of curvature (mm) Iujli:nlte-’ Iﬂﬁ?]:]ﬂ&f
Conic constant -1 -1
Distance from DLB (mm) 12 23

Figure C.2 shows more in detail the DLB composed of an array of emutters. It can be noticed how much 1s
short the spacing between adjacent emutters. Even though the slow axis divergence 1s little (10 + 1°), the
rays of each emitter intersect those of the adjacent emitters at very close distances from the source. The
beam profile simulated at 40 mm from the source 1s represented in Figures C.3 and C4 as graph and
image, respectively. Both the FAC and SAC lenses are plano-convex and their curvature 1s in the front
face of the lenses. As a result, the collimated beam takes a semi-square shape (~ 12.35 mm x 11.62 mm at
1/e* of the peak) that is easier to focus in a successive stage.

mm‘"l mﬂﬂtﬂl

Figure C.1. Simulation scheme of the optical system collimating a DLB from Jenoptik (JDL-BAB-75-37-940-
TE-300-1.5) with 37 emitters and 76 % fill factor: lateral view of a) fast axis and b) slow axis. The emitter
width and pitch are 190 pm and 250 pm, respectively. The image shows very good collimation in both axes.
Actually, the beam is not collimated but keeps a semi-square pattern for a certain distance after the SAC lens
(i.e. ~ 88 mm).
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Figure C.2. DLB array of 37 emitters at close distance: a) size of the whole array, b) size of each emitter and
pitch.

The detector image shows that the major contribution of power 1s in the central part of the beam,
following the principle of Gaussian beam. In a second step the beam focusing 1s achieved 1n a square spot.
Normally, in optoacoustic applications 1s required to focus the beam in a spot to illuminate small regions
of biological tissues for in-depth imaging with high resolution. In this regard. the beam size has been
reduced in a square spot of ~ 3.7 mm x 3.7 mm (at 1/e”) using two additional pairs of cylindrical lenses.
The characteristics of these lenses are listed in Table C.3 and they are labeled with their numeration.
Figure C.5 shows the whole lens system including the focusing lenses to reduce the beam spot size. The
square spot 15 captured at a distance of 75 mm from the source (Fig. C.6). The spot size 1s a square with
size of ~ 3.7 mm x 3.7 mm and intensity of ~ 3.2 kW/cm® (Figs. C.6 and C.7). At this stage. the values for
the two BPP, have now been nearly symmetrized. The BPP; has been reduced to 403.607 pm - rad /37 =
10.908 pm - rad, while BPP, has increased to 0.41 pm - rad x 37 = 15.17 ym - rad. In such a way, 1t can
be derived that:

BPP,

BPPJ,

~139, (C.6)

which corresponds to a BPP reduction factor of ~ 708. Then, the footprint on the target 1s reduced by a
linear factor of ~37. and the intensity on target is increased by a factor of ~ 37° = 1369. The intensity on
the detector 15 limited by the inability to reduce the square footprint below 37 mm in the slow axis. This
depends directly on the large value of BPP; at the output of the DLB. Considering a typical pulse width of
200 ns in optoacoustic applications [185]. the intensity of ~ 3.2 kW/cm® achieved with the proposed
design corresponds to 0.64 mJ/cm’, which is compatible with the limit of maximum energy density
applicable to a biological tissue, which is 20 mJ/em’ following ANSI safety standard.
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Figure C.3. Profile of the collimated beam in: a) fast axis and b) slow axis. The beam size is ~ 12.35 mm x
11.62 mm at 1/e’.
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The large number of the emitters, combined with the high fill factor of this DLB, does not allow the beam
focusing in a smaller spot that is required in OAE using coupling into optical fibers (< 600 um), but
consents other optoacoustic applications in free space.

Detector image of collimated
beam (W/cm?)

33106
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264.85
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198.64
165.53
- 13243
99.32
66.21
3311
0.00

Figure C.4. Image of the beam profile observed on a detector located after collimating lenses.

mtl ml

Figure C.5. Whole lens system to reduce the size of the beam spot: a) lateral view, b) top view. At longer
distances (i.e. ~ 8 mm from the last focusing lens), the beam divergence would be larger in the slow axis due to
the large number of emitters.

Table C.3. Characteristics of each focusing lens for beam size reduction.

Focusing | Focusing | Focusing | Focusing
Component lens 1 lens 2 lens 3 lens 4
Material S-LAH64 | S-LAH64 | S-TIH53 | S-TIH53
Height 16 16 5 5
(mm)
Thickness 5 7 1.5 3
(mm)
Length 16 16 10 10
(mm)
Radli of -21.984/ | -21.984/ | Infinite/ | Infinite/
curvature Infinite Infinite 7.5 10
(mm)
Conic 0 0 0 0
constant
Distance from
DLB (mm) 33 i > ot
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Figure C.6. Image of the beam focused observed on a detector.
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Figure C.7. Beam profile of the focused beam in: a) fast axis and b) slow axis. The beam size is ~ 3.7 x 3.7 mm
at 1/¢%.
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