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ABSTRACT OF THE DISSERTATION

Photomechanical, Photothermal and Photothermomechanical Mechanisms of Interaction of Nanosecond
Laser Pulses With Artificial Tissue Models and Pigmented Melanoma Cells in Medical Applications

by

Francisco Gerardo Pérez Gutiérrez

Doctor of Philosophy, Graduate Program in Mechanical Engineering
University of California, Riverside, August 2010
Dr. Guillermo Aguilar, Chairperson

Current therapy to remove vascular lesions involves long laser pulses to coagulate the blood
vessels with partial success. Small blood vessels, with thermal relaxation time shorter than the long laser
pulses, remain. Skin models incorporating light scattering were irradiated with nanosecond laser pulses.
The objective is to destroy blood vessels taking advantage of the short laser pulse high intensity to induce
plasma mediated cavitation bubbles. These bubbles may serve as photodisruption mechanism of blood
vessels. It was found that permanent or transient bubbles were produced depending on the laser dose,
number of pulses and repetition rate. Scattering added to the skin models increased the threshold fluence

for plasma formation.

Such fast energy deposition from nanosecond laser pulses implies mechanical effects. Laser
energy is coupled to a material through a combination of linear and nonlinear absorption. The first results
in heat generation and thermoelastic expansion; while the second results in an expanding plasma formation
that creates a shock wave and a cavitation bubble. It was found that the shock wave emitted upon plasma
formation is spherical while the pressure wave emitted by pure linear absorption has a plane and cylindrical

components. For irradiation of an absorbing solution with no plasma formation, the local pressure was

vii



calculated using empirical correlations. The low local pressure explains the bubble formation at low

temperature increments.

When nanosecond laser pulses are applied to absorbing microspheres, thermoelastic expansion of
the microparticles originates pressure waves. A melanoma detector takes advantage of this principle.
Excessive energy creates bubbles around melanosomes damaging the plasma membrane. Optimum laser
parameters for this application must be found. Melanoma cells were irradiated at 355 and 532 nm
wavelengths to determine cell survival rate, compare the photoacoustic signal, determine the critical laser
fluence for melanin leakage and study the intracellular interactions and their effect on the plasma
membrane integrity. Cell survival decreased with increasing laser fluence, although the decrement is more
pronounced at 355 nm. Melanin leaks from cells equally for both wavelengths. No significant difference in
photoacustic signal was found between wavelengths. Damage to plasma membrane due to bubble

formation was imaged.
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Chapter 1: Introduction

Biomedical engineering is the application of engineering principles and technologies to the medical
field. This field seeks to close the gap between engineering and medicine. It combines the design and
problem solving skills of engineering with medical and biological sciences to improve healthcare diagnosis
and treatment. It is a very broad field that encompasses a variety of engineering disciplines and life

sciences[1].

In particular, my doctoral work encompasses studies in biomedical optics, which is the branch of
biomedical engineering that focuses on the mechanisms of interaction of electromagnetic waves with
tissues and cells, mainly wavelengths in the ultraviolet (UV), visible (VIS) and near infrared (NIR). As it
will be presented in the following chapters, part of my work addresses engineering advances in diagnostics,
that is, interactions where tissue affects the propagation and absorption of photons (e.g., imaging and
spectroscopy of tissues and biomaterials) and another part deals with therapeutics, where photons affect
tissue, going from relatively low energy photothermal interactions that moderately heat tissue to intense

plasma-driven interactions, where pressure and shock waves may be formed [2].

Recent growth in the use of optics technology for biomedical research and health care has been
explosive. New applications are made possible by emerging technologies in lasers, optoelectronic devices,
fiber optics, physical and chemical sensors, and imaging, all of which are being applied to medical

research, diagnostics and therapy.

Much of the motivation for this work started from the need to improve the therapeutical outcome of
several vascular lesions like Port-wine stain (PWS), hemangiomas, and telangiectasias [3]. These lesions
are abnormal blood vessels localized below the epidermis. The objective of these treatment is to increase
the temperature of the targeted blood vessels to the coagulation temperature; once the blood vessel is
coagulated the human body heals the affected zone as any other injury [4]. The principle behind the use of

laser light for this purpose is based on the theory of photothermolysis [5], which was developed in the mid-



80’s. Selective photothermolysis describes energy deposition to subsurface chromophores when three
essential conditions are met: (1) a wavelength that reaches and is preferentially absorbed by the desired
target structures, (2) an exposure duration is less than or equal to the time necessary for cooling of the
target structures, and (3) sufficient energy is delivered to reach a threshold temperature for damage in the
target structures [3,5]. For blood vessel damage, it is critical that the laser wavelength that is used is
selectively absorbed by the blood vessel. Therfore, the light must first propagate through the epidermis,
dermis and then into the vessel where the photons are absorbed. The epidermis always absorbs some energy
and, if not controlled, may result on unintended burns due to heating. To overcome this problem, pulsed
laser therapy has been combined with cryo-spray cooling (CSC) [6-8] and vacuum suction cups [9,10]. The
first aims at pre-cooling the epidermis before a laser pulse is delivered, so that by the time the laser pulse is
incident on the skin surface, the temperature in the epidermis is low enough that it is maintained to a safe
value while and after a laser pulse is delivered. The second is aimed at increasing the volume fraction of

blood within the blood vessel, so laser light absorption is increased, which aids efficiency.

While this approach of of milli- to micro-second long laser pulses with CSC has achieved partial
success treating vascular lesions in skin surgery, it has been proven that some of the vasculature remains
unaffected after the laser treatment. The blood vessels that remain are the smaller blood vessels which have
a thermal relaxation time shorter than the laser pulse duration, therefore, the energy delivered by such laser
pulses diffuses away to the surrounding tissue before its entire energy can be coupled to the blood vessel
and its temperature never achieves the coagulation temperature. Under this perspective, my hypothesis is
that short laser pulses offer a possibility to complete the treatment for small blood vessels. Coupling
enough energy to the blood vessels in a time shorter than the vessel thermal relaxation time can induce the

required temperature increment for coagulation.

Another interesting aspect of my work on laser-tissue interactions that led to the last project of my
PhD studies, and the one related to laser diagnostics, is based on photoacoustic detection. When tissue
increases its temperature, as any other material, it experiments thermal expansion. When the thermal
expansion occurs very fast, the expanded hot material pushes the surrounding cold material launching a
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pressure wave. Further propagation of such pressure waves may create tensile waves and shear stresses
capable of causing sound wave propagation but also, in some cases, phase changes with moderate
temperature increments and tissue tearing. Such mechanical responses play a significant role in tissue

ablation and are worthy to be studied because they lead to desired or undesired effects [11-14].

A practical and current problem in medicine still is the early diagnosis of cancer. Cancer cells are
genetically modified cells that grow as tumors at a specific organ. As the tumor grows, cells break off and
travel through the circulatory and lymphatic systems to other organs precluding the appropriate operation
of the organ leading the patient to death. Although cancer is curable if detected in its early stages, it is
unlikely that a patient looks for help because it is a painless disease in those early stages. Therefore it is of

paramount importance to develop methodologies that allow accurate, prompt cancer detection.

It has been shown that even in its early stages cancer tumors begin shedding cells into the circulatory
system with distinct cell populations having the potential to develop into metastatic disease. Thus, there has
been growing interest in identifying tumor cells in the circulatory system and using the outcome of the
study to monitor the progression of various types of cancers. As different cancer types have different
properties, several techniques have been developed for circulating tumor cell (CTC) detection; some of
them are immunohystochemestry, reverse transcription polymerase chain reaction (RT-PCR) and magnetic
cell sorting. However the first has been found to be time-consuming and subject to reviewer interpretation;
the second removed the reviewer interpretation and increased the sensitivity, but has raised concerns due to
inconsistency of results and amplification of false products and further investigation is required to fully

develop the latter [15-18].

Melanoma is the least common, but the most dangerous of skin cancers. Melanoma cells distinguish
from other cells because they contain great amounts of melanin. Melanin is an absorbing pigment in the
ultraviolet and visible part of the spectrum [19,20]. A novel in vitro system for circulating melanoma cell
(CMC) detection proposes to separate red blood cells from a routine blood draw in a centrifuge and pump

the remaining solution through a closed loop that includes a quartz flow cell to be irradiated with



nanosecond-long laser pulses [21]. The system takes advantage of the melanin optical properties and short
laser pulse duration to generate a photoacoustic signal that can be detected with a piezoelectric transducer
incorporated to the quartz flow cell and connected to an oscilloscope. The amplitude of this signal is
proportional to the CMC concentration in the circulatory system. However, to ensure continuous detection,
is necessary to ensure that laser pulses do not break the plasma membrane so the melanin contained within
the cells does not leak and thus hindering melanin detection via this photoacoustic technique. Hence, it is
important and necessary to elucidate the appropriate laser parameters that ensure plasma membrane

integrity and at the same time, maximize the signal-to-noise ratio (SNR) of the CMC system.

With this concrete problem in mind, in Chapter 5 I present a study of the mechanical effects
produced by the second and third harmonics of Nd:YAG nanosecond-long laser pulses (355 and 532 nm)
on the plasma membrane of pigmented melanoma cells. Cell survival and melanin leakage were measured
post-laser irradiation and photoacoustic signals resulting from irradiation with both wavelengths were
compared. Bubble formation around melanosomes was also identified as a plausible damage mechanism of

the melanoma cell plasma membrane.

All of the problems addressed in this dissertation relate to medical applications, however, due to
the multdisciplinary nature of this research, it would be inaccurate and pretentious on my part to claim that
I have offered final solutions. For this to happen multidisciplinary work teams that include engineers,
physicists, chemists, biologists and health professionals, are necessary and, generally, a great deal of
collective work and holistic understanding has to be accumulated before a final product or porocedure can
be taken to the bedside. My role as a mechanical engineer in such multidisciplinary work team is to
contribute to the problem solution with models that allow us to better understand the light-tissue interaction

mechanisms from the physics point of view.
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Chapter 2: Theoretical Background

Laser light is an electromagnetic wave that has three characteristics that make it unique:
coherence, intensity and monochromaticity. Coherent light is emitted with the same phase, frequency and
polarization; laser light distinguishes from other types of light because its intensity is much higher
compared with other light types; laser light has a very narrow electromagnetic spectrum, thus it is called
monochromatic light. While all work according to the same general principles, they are differentiated on

the basis of the medium they employ to create the laser action.

Generics about interactions between lasers and materials

Classification of lasers

Lasers can be classified according to the gain medium that emits the light or according to the
operation mode. According to the gain medium there are: gas, liquid and solid state lasers. Examples of
gases used as gain medium are: mixture of helium and neon, carbon dioxide, nitrogen, argon and others.
Liquid lasers use colored compounds carried by a solvent that is typically pumped by other light source
(maybe another laser) to produce laser light; these lasers are also known like “dye” lasers. Solid state lasers
generally use a semiconductor crystal as gain medium, some examples are ruby, neodymium-doped yttrium

aluminum garnet (Nd:YAG) and titanium-doped sapphire (Ti:Sapphire).

According to the operation mode, in general there are continuous wave (CW) and pulsed lasers
[1]. CW lasers emit laser light continuously; a typical example is the HeNe laser pointer and Argon laser.
Pulsed lasers emit pulses of light of a wide variety of pulse duration, repetition rates and wavelengths.
Pulse duration can go from the millisecond to the femtosecond regime, although lasers that emit
attosecond-long pulses have been built [2]. The gain medium used to make a pulsed laser may be one of the
three mentioned above. There are two main mechanisms to produce pulsed lasers that emit sub-

microsecond laser pulses, which are Q-switching and Mode-locking.



Laser and material parameters

The primary laser parameters that characterize the interaction between a pulsed laser and a
material are: wavelength, pulse energy, pulse duration, spot size and repetition rate. Secondary laser
parameters can be derived from the primary laser parameters: the laser power, fluence and irradiance are
associated with the pulse energy, duration and spot size. Power is the pulse energy divided by the pulse
duration; for high repetition rate burst it is possible to also incorporate the average power. Fluence is
defined as the laser pulse energy divided by the cross sectional area of the laser beam, its units are [J/cm?].
Irrradiance is the laser pulse energy divided by the laser pulse duration and the beam cross sectional area

and its units are [W/cm?] [3]. The wavelength is associated with the light frequency.

Both the temporal and spatial profile of a laser pulse can (almost always) be characterized by a
Gaussian function. There are several conventions to characterize the width of the Gaussian function. One is
the full width half maximum (FWHM), which is the width of the Gaussian function measured at 2 of its
maximum height. Another is the width measured at 1/e* of the maximum height. The convention used to

measure the pulse duration and spot size must always be specified. In this work the latter is used [4].

The important material parameter that characterizes laser-matter interaction is the refractive index,
which for the general case is a complex quantity. Its real part is associated with refraction and its imaginary
part to the material absorption. Both parts have linear and nonlinear components which may play a
significant role in the interaction, depending upon the laser irradiance applied to the material [5]. A

complete description of these terms is beyond the scope of this chapter and therefore not presented.

When a laser beam is incident on a material, part of it is reflected at the surface and other part is
transmitted within the bulk of the material. As the beam propagates, its intensity is attenuated due to
absorption and scattering. The most important material parameter for this work is the linear absorption
coefficient, which is defined as the probability per unit length that a photon is absorbed, therefore its units
are [em'] [3]. The ability of a medium to absorb electromagnetic radiation depends on a number of factors,

mainly the electronic constitution of its atoms and molecules, the wavelength of radiation, the thickness of



the absorbing layer, and internal parameters such as temperature or concentration of absorbing agents and it
is a function of the wavelength [1,3,6]. The distribution of energy absorbed by a material is described by

the Beer-Lambert law:
1(2)=1I,exp(—,2) @0

where z denotes distance in the optical axis direction, /(z) is the intensity at distance z, I, is the incident

irradiance, L, is the absorption coefficient of the medium. From equation 2.1, it can be derived that:

L 22)
z=—
U, 1(z)

The inverse of the absorption coefficient y, is referred to as the absorption length J, in which the

intensity /(z) has dropped to 1/e of its incident value /.

1 (2.3)

Scattering occurs when the photon changes its direction of propagation caused by random spatial
variations in tissue density, refractive index, and dielectric constant and actual light distributions can be
substantially different from distributions using Beer’s law. Scattering by large particles is rather
wavelength independent, whereas scattering by smaller particles is stronger at shorter wavelengths. It can
be modeled by the scattering coefficient defined as the probability per unit length that a photon is absorbed

and it follows a law similar to that of Beer’s law:
I(z)=1,exp(—4,z) (2.4)

Optical penetration is governed by a combination of absorption and scattering, thus an attenuation

coefficient y, can be defined as:



=+ @5)

And it is the coefficient that would govern the light attenuation in equation 2.1, which holds for
isotropic materials. However for an anisotropic material, the anisotropy g, a measure of how much
forwardness is retained after a scattering event must be considered. Thus, the reduced scattering coefficient,
useful to describe diffusion of photons in a random walk step of 1/p’ rather than many steps of size 1/, is

defined as
lus': )73 (1-g) (2.6)
So the reduced attenuation coefficient, useful when absorption, scattering and anisotropy are

present, is defined as:

ﬂt':ﬂa-i_ﬂs':ﬂa-l_ﬂs(l_g) (27)
The effective attenuation coefficient, useful for very highly scattering materials such that y,<<u,

is defined as:

Hey =Bttt =\, + 1, (1= ) 8

Mechanisms of interaction between lasers and materials

The different possible mechanisms of interaction between laser pulses and matter are shown in
Fig. 2.1. As the laser irradiance is inversely proportional to the laser pulse duration, the shorter the pulse
the higher the irradiance. For long laser pulses in the order of milli to microseconds, laser light is absorbed
by the chromophore according to Beer’s law and the interaction becomes merely thermal. The heat
generated upon light absorption is transferred to the surroundings of the irradiated volume via heat
diffusion. As the laser pulse durations shortens to the nanosecond regime, the stress confinement conditions
may be achieved and the mechanical effects associated to the rapid energy deposition play a significant role
in material removal; this process is called photoablation. As the laser pulse shortens further, laser light

becomes more intense and nonlinear absorption takes place leading to plasma formation. Each of the
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relevant mechanisms of interaction relevant for each part of this thesis is described in the theoretical

background section of each part.
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Fig 2.1. Map of the different mechanisms of interaction between laser pulses and materials as a function of
both irradiance (or power density) and pulse duration (or exposure time) [7].

Photothermal interactions

For the sake of simplicity scattering events are neglected in the following paragraphs. When a
laser pulse is incident on a material, its energy is coupled to the material and heat generation is produced,

which can be calculated as:
Qg — ,uaFe_”“z 2.9)

where O, is the heat generated, F is the laser fluence. The term calculated in equation 2.9 is also known as

the volumetric energy density.
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This heat diffuses to the surrounding material and Q, can be introduced in the heat diffusion
equation to calculate the spatial and temporal dependent temperature distribution within the material:
oT _ (9°T  3°T T (2.10)

C —=k + + +
T R A

where p, C, and k are the material’s density and specific heat and thermal conductivity respectively.

The thermal relaxation time 7 is the time required for the heat to diffuse away a characteristic
length. The thermal relaxation time for a layer if thickness J is defined as:
5? pC 52 (2.11)
— P

T=—
a k

where o is the thermal diffusivity.

When the laser pulse is shorter than the thermal relaxation time, there is no time for the heat to
diffuse away from the irradiation volume and the maximum temperature is achieved at the material surface.
Such condition is called thermal confinement. The maximum temperature increment A7,,,, that can be

achieved under thermal confinement conditions given by:

(2.12)
ATmax = M
pC,

Temperature increments lead to different effects, such as melting, vaporization, carbonization,
chemical effects, etc. depending on the type of material. In the case of biological tissues, temperature

increments and may lead to protein thermal denaturation and tissue coagulation.

Fig. 2.2 shows a schematic of the photothermal-matter interactions, where the role of both laser

parameters and material properties can be distinguished:
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Fig. 2.2. Diagram of thermal interactions between laser pulses and materials. Laser parameters and material
optical properties drive heat generation, while the material thermal properties determine heat transport
throughout the irradiated material. The type of material determines the possible thermal damage.

Photothermomechanical interaction

While the material’s temperature increases as a result of laser light absorption, it goes through a
rapid thermoelastic expansion. When laser irradiation happens under thermal confinement conditions, the
irradiated volume is heated under an isochoric process. The thermoelastic expansion of the hot material
surrounded by cold material creates a pressure wave. Thermoelastic stresses are most prominent when the
laser pulse is shorter than the characteristic time for a stress wave to propagate across the heated volume.
This condition is known as stress confinement. In contrast, when the laser pulse is comparable or longer
than the characteristic time for stress wave propagation, significant expansion of the laser-heated volume
occurs during the laser pulse. This has the effect of reducing the stress peak. The peak thermoelastic stress

G, is given by:
o =ATu F 2.13
P a ( )

where /" is the Griineisen coefficient and A depends on the laser pulse duration. The Griineisen coefficient
is a thermophysical property of the material defined as the internal stress per unit energy density generated

upon depositing energy into a target under constant volume conditions.
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2 (2.14)

p

where f is the volumetric expansion coefficient, Cs is the speed of sound. Physically, it represents the
portion of the optical energy converted into mechanical energy. The Griineisen coefficient of water varies
with temperature; it equals 0.11 at 20 °C, 0.125 at 25 °C and 0.5 at 100 °C. The constant A=/ when stress

confined conditions are fulfilled and A</ otherwise [8].

Laser induced pressure waves have been studied experimentally using two main tools. The first is
a piezoelectric transducer such as polyvinylidene fluoride (PVDF) and lithium niobate (LiNbOj), which
signal may be sent to an amplifier and then read in an oscilloscope [9-11]; the second is either Michelson or

Mach-Zenhder interferometry[12-15].

Depending on the experimental conditions, these pressure waves have been found to be of
significance in inducing phase change in water, a common model for laser-tissue interactions research,
below 100 °C [9,10]. Fig. 2.3 shows the typical studied case when a nanosecond-long laser pulse is incident
on a material with absorption coefficient u, where the resulting pressure wave is detected with a

piezoelectric transducer at a certain distance away from the interaction region.
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Fig. 2.3. Typical photoacoustic experiment where a laser pulse is absorbed by a material with absorption
coefficient u, The material experiments a thermoelastic expansion that results in the emission of a pressure
wave. The pressure wave can be detected by a piezoelectric transducer and its signal recorded in an
oscilloscope.

When the laser pulse is absorbed by the material, the resulting pressure wave shape depends on the
beam diameter dy and the material absorption coefficient u,. If dy > 1/ u, it results in a plane wave
propagating parallel to the optical path; in contrast, when dy < I/ y, it results a cylindrical wave

propagating in radial direction, perpendicular to the optical path [16].

In the first case, when d, > 1/ u,, a plane compressive wave parallel to the laser beam, propagates
in both directions. The compressive wave propagating in opposite direction to the laser beam encounters an
acoustic mismatch at the material-air interface due to the lower acoustic impedance of air. As a
consequence, a tensile wave is reflected and propagates in the optical path direction following the
compressive component [9-11,17]. When the irradiated material is water, which absorption coefficient has
been increased with some absorbing dye, the low pressure (tensile wave), together with moderate

temperature increments produce micro-cavitation bubble formation [9,10].
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Photoablation

The combination of high pressure waves originated at the surface of a laser irradiated linearly
absorbing medium with photochemical and photothermal decomposition that weakens the material within
the irradiation volume, results in material ejection producing material ablation (material removal) [1,8].
Photoablation was first studied in several polymers and soon after biological tissues were ablated. It is the
principle in which refractive cornea surgery is based to correct the refractive power of the cornea to correct

myopia, hyperopia or astigmatism [1].

In the case of collagen-rich biological tissues, such as cornea, the main chromophore for UV light
is the collagen fibrils that constitute the extracellular matrix, which is the structure that gives strength to the
tissue. Photoablation with UV laser of such tissues produces very clean ablation compared to IR radiation,
where the main chromophore is the water contained in the tissue and stress confinement is not totally

fulfilled.

UV-light absorption results in heat generation in the fibrils that is transferred to the rest on the
tissue structures with typical temperature increments likely go beyond 100 °C with its subsequent thermal
denaturation. Furthermore, UV light produces scission of the chemical bonds between the biomolecules,
which results in photochemical denaturation of the tissue structures. Both types of denaturation contribute
to the photoablation process weakening the extracellular matrix, which together with the stress transients
produced by the fast energy deposition enhance material ejection. In contrast, the main chromophore for
IR photoablation is the water contained in the tissue from where heat is transferred to the rest of the tissue
structures. Because UV radiation destroys the extracellular matrix, compared to IR radiation due to the
photochemical process involved, photablation with UV light occurs faster and results in a cleaner surface

ablation [8,18].
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Bubble and pressure wave formation around laser heated microabsorbers

An important application case in selective retina treatment (SRT), selective laser trabeculoplasty
(SLT) as well as in other biomedical procedures such as nanoparticle assisted cellular surgery and selective
cell killing is the case of laser heated spherical microabsorbers. Technical applications comprise bubble jet
printer technologies, steam laser cleaning, bubble induced optical limiting in suspensions, transient
holographic gratings, bubble mediated fast optical switching [19] and references therein.

Retina and some skin types contain major amount of melanin, which is high absorbing chromophore in the
whole UV and VIS spectrum. Melanin is contained within cells in the melanosomes which are spherical
shaped organelles 1 pm in diameter approximately [20].

The thermal relaxation time of a 1 pm melanosome with 1.37x107 m%s thermal diffusivity is 7.3
ps. So when a submicrosecond-long laser pulse is used to irradiate melanosomes, thermal confinement is
fulfilled, thus the temperature increment on the surface of the melanosome can be calculated according to
equation 2.12. When the melanosome has absorbed the laser energy and a maximum temperature has been
achieved, the melanosome experiments thermoelastic expansion and launches a pressure wave. Then heat is
transferred to the layer of water (cytoplasm) adjacent to the melanosome and temperature in the water
increases as fast as 10'° K/s and may be as high that it is vaporized forming a cavitation/boiling bubble. As
the bubble expands, it interacts with the plasma membrane and causes disruptive effects of the cell. This

case is treated in detail in Chapter 5.

Plasma mediated ablation

When a very intense laser pulse interacts with some material, the intense electric field initiates
ionization via thermionic emission for nanosecond laser pulses or multiphoton ionization for pico or
femtosecond laser pulses releasing electrons from existing atoms. Free electrons serve as photon absorbers

that collide with other atoms releasing more electrons that at the same time continue absorbing more
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photons. This continuous process is known as avalanche ionization. As a consequence of the ionization
processes, a phenomenon called optical breakdown or plasma formation occurs at irradiances of the order
of 10" W/cm® in air and 10" W/cm® for solids and liquids[1,8,21,22]. Such high irradiances are easily
achieved with a 6 ns laser pulse with few hundreds of microjoules of energy focused through a 0.5 NA lens
[23]; even a few nanojoules of energy are enough to produce optical breakdown in water with a focused

beam of femtosecond laser pulses [22,24].

Plasma formation induces a sudden, adiabatic temperature rise of the order of 10, 000 K in the
focal volume due to the energy of free electrons. Because of its high kinetic energy, electrons diffuse into
the surrounding medium [8,21,22]. When the inert ions follow at a certain time delay mass is moved and a
shock wave separates from the boundary of the plasma. It initially moves at supersonic speed and then

decelerates to sonic speed [1,8,22,25-27].

When plasma is induced in the bulk of a fluid or gel, water or agar for example, the material
occupying the focal volume is vaporized and work is done over the non vaporized material and the kinetic
energy is stored as potential energy in the expanding bubble. After its expansion the bubble collapses due
to the static pressure and launches another shockwave. The process may repeat a few times before the total
energy is dissipated and the gasses dissolve in the surrounding fluid [1,8,14,23,25-29]. The bubble
formation upon plasma formation constitutes the principle under which tissue cutting relies on for cornea

surgery.

The complex flow field originated in the vicinity of a solid wall due to an oscillating plasma-
generated oscillating bubble produces shear stresses that have been used to induce specific molecular
delivery to cells [30-32]. The basic idea of these studies was to induce a bubble in the culturing medium
(seeded with an specific molecule) of a cell monolayer, so the shear stresses resulting from the fluid
movement-solid boundary interaction stretch the cells plasma membrane, creating porous through which

molecules can get into without killing the cells. This is an important application in biotechnology.
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Plasma mediated ablation of materials results in a very clean ablation with evidence of minimal

thermal and mechanical damage next to the focal volume if the appropriate laser parameters are chosen

[33-38]. This capability has taken an importance for micro-processing of materials where a surface

micropatterning is desired.
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Chapter 3: Short and Ultrashort Laser Pulse Induced Bubbles on Transparent and
Scattering Tissue Models

Introduction

Since its invention, the laser has been widely used for many applications in the field of medicine;
both continuous wave (CW) and pulsed lasers are suitable for medical applications [1-11]. The physical
mechanisms involved in a laser-matter interaction depend, aside from wavelength, on the pulse intensity,
which itself depends on the laser pulse duration; the shorter the pulse the higher the peak intensity [12,13].
Long laser pulses (us to ms) couple its energy to the material mainly through the wavelength-dependent
linear absorption, according to an extinction coefficient (u,); most of the energy deposited to the material
produces heat and, therefore, the interaction is dominated by heat diffusion. When the laser pulse is very
intense, a fast optical and avalanche ionization process dominates the interaction and an expanding plasma
is produced with very small amount of heat transferred to the targeted material. Ultrashort laser-matter
interactions are, to a certain degree, wavelength-independent. While for certain transparent materials like
glass there exist two distinctive “and definite trends” for the damage threshold fluence of the material for
laser pulse durations above and below 10 ps [14], the boundary between long and ultrashort pulses is not

very well established in the context for all materials, particularly biological ones.

Long laser pulses (ms to us) at convenient wavelengths have been incorporated to laser surgeries
where the aim is to produce thermal (by laser heating) treatment of specific chromophores and/or tissue
ablation [15]. However, there are specific cases where the treatment is not totally successful; as an
example, Port Wine Stain (PWS) birthmarks are an abnormal layer of blood vessels 10 to 100um in
diameter localized 100 to 500 um below the skin surface, that have been treated using long (1 to 2ms) laser
pulses in combination with Cryogen Spray Cooling (CSC) [16-21]. The aim of this treatment is to achieve
the temperature at which blood in the vessel coagulates at the same time that the other chromophores in the
skin remain undamaged; this treatment has proved success with large blood vessels (~100 um) because
they have a long thermal relaxation time (Sms) that allows thermal confinement in the blood vessel, hence
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achieving the coagulation temperature; in contrast, smaller blood vessels (10um) have shorter thermal
relaxation time (50us), which does not allow sufficient thermal confinement, hence the laser heat produced
during the pulse quickly diffuses away to the surrounding tissue before the coagulation temperature is
achieved and the blood vessel remains undamaged. A feasible solution for this problem is the use of shorter
(nano, pico to femtosecond) laser pulses that deliver its energy faster than the thermal relaxation time of
those small vessels. My work in this area intended to evaluate if this approach would be feasible, but also to
explore if additional mechanical phenomena could be triggered by the laser-tissue interaction such as
cavitation and shockwaves, which might also contribute to the damage and elimination of the very small

blood vessels which are difficult to remove by slow laser heating.

Several researchers have looked at the effects of nano, pico and femtosecond laser pulses in
biological materials, such as skin, liver, cornea and retina and water used as tissue model [22]. However

there is no evidence that nanosecond laser pulses have been used to destroy blood vessels.

Given the complexity of a biological system that incorporates a blood vessel, and that the purpose
of the work is to study the physical mechanisms of interaction between nanosecond laser pulses and blood
vessels, I first worked with artificial tissue models that mimic real tissue in a more realistic way than pure

water.

Several authors have observed that when submicrosecond laser pulses are focused on aqueous
media a bubble is formed its diameter and lifetime strongly depend on the laser parameters and material
properties, but the conditions for bubble formation must be determined in each individual case. There are
three different possible mechanisms for bubble formation: (1) optical breakdown, (2) refraction wave and

(3) overheating of the material. In this part of the work I focused in the optical background.

When a bubble is formed in an elastic media, such as agar gels, the bubble expands and collapses
several times before disappearing, however, when the plasma is very intense, the pressure inside the bubble
may be so high that it plastically deforms the material producing a permanent bubble, in other words, a

bubble that does not expand a collapse.
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The threshold fluence for plasma formation is the fluence at which there is 50% probability that
plasma is formed. This threshold depends on the laser pulse peak irradiance. When a laser beam is focused
in the bulk of a material, it loses some energy as it propagates through because of absorption and scattering,

reducing the local irradiance at the focal point.

It is important to find out the laser parameters that lead to plasma formation that generates a
cavitation bubble in a particular material. Such bubbles can serve as photodisruption mechanism for the

small blood vessels that remain after traditional laser surgery with longer laser pulses.

In the initial stage of the work, experiments focusing a 5 ns, Nd:YAG laser beam on agar gel
artificial tissue models (phantom) were carried out [23,24]. The threshold fluence for bubble formation was
found for different absorption coefficients when the laser beam was focused at a specific depth below the
surface; also, the characterization of the bubble diameter as a function of fluence was carried out for several

samples with different absorption coefficients, however, only permanent bubbles were studied.

Addition of dyes and intralipids in different concentrations to agar gels allows to make a more
realistic skin model. In the present work the main objectives are to study the bubble dynamics, i.e., its
formation and evolution when a series of pulses at three different repetition frequencies are delivered using
a fluence value close to the threshold fluence and, to find the threshold fluence for bubble formation in a
scattering tissue model. The last study intends to mimic a highly scattering tissue, like skin. These
experiments were carried out using a 532 nm, Nd:YAG laser, pulse duration of 5 nanoseconds and a 90

femtosecond laser.

Materials and Methods

Artificial Tissue Models
Agar is typically a strong gelling polysaccharide derived from red seaweeds. Agar solutions gel

due to the presence of the agarose fraction of the crude agar at common concentrations between 0.5 and
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2.0%. Agar typically needs to be heated above 90 °C to liquify (melt) and depending on the seaweed source
the setting temperature can be between 30 and 45 °C. As agar gels are mainly conformed by water, they are
an excellent material to make artificial tissue phantoms. They may also be combined with other substances
to approximate its optical properties to more realistic tissue[24,25]. In this work, two types of agar
phantoms were used. Figure 3.1 shows the first model, which is made of a single 500 pm thick layer of
transparent agar, it was used for the experiments where the bubble dynamics were studied for different
number of pulses and repetition rates. Note that the beam was focused 100um below the surface, a typical
depth at which a blood vessel can be found. Figure 3.2 shows the second model, which we used to study the
bubble formation in a highly scattering medium. It is composed of two layers. The top 254 um thick layer,
the scattering one, is constituted by a mixture of liquid agar gel and 4.8% intralipid; the scattering layer was
stacked on top of another layer made of transparent agar gel. For this case the laser beam was focused at

50, 100 and 200 um deep in the scattering layer.

vV V/

\/ 100 pm V 100 pm

500 pm 254 ym

Fig. 3.1. 500 pm thickness transparent agar single Fig. 3.2. Highly scattering agar layer stacked on top
layer. of another layer of transparent agar.

Experimental setup and bubble detection

The experimental set up is shown in Figure 3.3. It can be used in a configuration that includes both
a 532 nm, Nd:YAG, 5 nanosecond pulses as well as a 810 nm, Ti:Sapphire, femtosecond as excitation
beams and a 632.8 nm HeNe continuous wave laser as probe beam, which are focused on the target with a
0.5 NA, 8 mm focal length aspherical lens that we will call the microprocessing lens. The energy per pulse
delivered on target is monitored either with a properly calibrated photodiode and an oscilloscope or directly
with an energy head detector. A CCD camera is used to capture the image of the focused beam on the
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target; this is done by using an image relay system constituted by the microprocessing lens and the 500mm
lens shown in Fig. 3; the light that reflects backwards from the surface is collected by the two lenses
projecting an image of the beam waist onto the CCD. This image relay system provides three very useful
features to our set up: (1) it requires normal incidence to work so that the sample surface is always
perpendicular to the incident beam, and therefore, in the event of a transversal scan of the sample the beam
waist of the focusing light stays always at a constant distance from the surface; (2) it allows fine
positioning of the beam waist right on the surface of the sample, and hence at a known depth within the
layer, with a resolution of the order of the Rayleigh range of the focusing beam, and; (3) the same image
relay system allows to record movies of the bubble formation and evolution inside the agar gel. The bubble
formation dynamics is also recorded by use of the HeNe probe beam; the light transmitted through the
sample is collected onto a photodiode connected to a data acquisition system. If the bubble is not present,
the HeNe light detected by the photodiode produces a constant signal, however, when the bubble forms the
initial constant signal drops to a minimum (when the bubbles reaches its maximum diameter) and it

recovers back up as the bubble collapses.

f=15mm f=50 mm

B A (/A S Sy

Blue Filter
= == = Nd:YAG
CCD
> />
P.D. f=25mm Dichroic

Red Filter% .

Fiber light
IR Block <\

Polarizer

Fig. 3.3. Experimental Setup for cavitation bubble visualization in agar gels.
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Image processing

Movies of the laser-induced bubbles were taken at 10 frames per second and split into several
pictures. The diameter of the bubble was measured for a selected number of pictures using a standard
image processing software (Imagel). Figure 3.4 shows a typical sequence of photos of the bubble image

obtained on the CCD camera.

Results and discussion
Bubble dynamics

Figures 3.5 to 3.9 contain experimental results of laser irradiation of agar gel models with laser
pulses of 5ns duration, at a wavelength of 532 nm, on a 500 pm thick transparent layer. The beam was
focused 100um deep in the agar gel layer. The data point plotted at t=0 represents the diameter of the
bubble right after the last pulse. All these experiments were carried out with fluence slightly smaller than
that for the bubble formation threshold (240 J/cm?) for permanent bubbles (220.6 + 9.6 J/em?) such that we
could generate the transient bubbles we are interested in; the fluence values shown in figures 5 to 9

correspond to the average fluence value of the total number of pulses applied.

Fig. 3.4. Typical sequence of photos that describe how the bubble diameter changes with time. The bubble
was obtained by using a single 5 ns (532nm) Nd:YAG laser pulse with fluence of 204.65 J/cm®. Upper row
(left to right): 0's,0.4 s, 1.06 s, 1.73 s, 2.4 s 3.06 s, 3.77 s. Lower row (left to right): 4.4 s, 5.06 s,5.73 s, 6.4
s,9.7s,13.06s, 15.5 s.

Figure 3.5 shows the time evolution from maximum bubble diameter when a single laser pulse is
applied, each curve corresponds to different applied fluences, which are in fact obtained from the inherent

fluctuation of the laser system. Except for one case (199.16 J/cm?), it was found that the higher the fluence,
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the bigger the bubble and the longer the life-time. The case that falls off the typical trend seen for the other
cases might be explained by an inhomogeneous agar gel sample. This is also suggested by the fact that for
some experiments the bubble was not formed. Figure 5 shows only the cases where the bubbles were

formed.
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Fig. 3.5. Bubble diameter evolution when the bubbles are created by a single 5 ns Nd:YAG laser pulse at
532nm.

Figures 3.6 to 3.9 contain the evolution of the bubble diameter for bubbles formed by a different
number of pulses (1 to 10) at three different repetition rates (1, 2 and 3 Hz). Two types of distinctive
bubbles were obtained: Figures 3.6 and 3.8 show the typical trend for the type 1 bubbles which are
transient and, therefore, they shrink until they fully disappear. The data point with diameter equal to zero is
missing in the plot, this is due to the lack of screen resolution to measure the bubble at the exact instant
when the bubble collapses completely. Figures 3.7 and 3.9 show the type 2 bubbles, which experience
some shrinkage at the beginning, but they manage to remain at constant diameter in the agar gel for long
periods of time. For the evolution of the type 1 bubbles, it is possible to distinguish three different slopes

that indicate the rate at which the bubble diameter collapses at different times, while in the case of the type
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2 bubbles only two slopes are distinguished after the bubbles have formed. We must point out that in many
cases, where several pulses were delivered, the average fluence value is not directly proportional to the
initial bubble diameter as it is the case when a single pulse was delivered to the target (Fig. 3.5), this may
be due to the fact that the shown value is the average fluence taken from all the applied pulses, but it is the
pulses with higher fluence the ones that dominate the final size of the bubbles. There are cases where the
delivery of 10 pulses at 2 and 3 Hz repetition rate resulted in rather too large bubbles, which could not be
measured with the current experimental setup. Table 3.1 summarizes the type of bubble formed in all the
experiments according to the number of pulses and the repetition rate and fluence used. It can be clearly
seen that when the pulses are delivered at 1Hz it takes 10 consecutive pulses for the bubble to start to
behave as a type 2 bubble, otherwise, the bubbles behave always type 1 bubbles; while in the case when

pulses are delivered at 3 Hz all the bubbles, even those formed with just a couple of pulses, are permanent

(type 2).
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Fig. 3.6. Bubble dynamics when 6 pulses at 1 Hz are

applied.
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Fig. 3.8. Bubble dynamics when 2 pulses at 1 Hz are
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Fig. 3.9. Bubble dynamics when 2 pulses at 3 Hz
are applied

Figures 3.10 and 3.11 describe the initial bubble diameter as a function of the number of pulses and the
repetition rate at which the pulses were delivered on the target, respectively; error bars were added when
calculation of standard deviation was possible from the experimentally acquired data. It can be seen from
the plots and the experimental observation (Table 3.1) that there is a slight tendency of the bubble diameter
to increase with the number of pulses at 1Hz and with repetition rate. This variation is more significant
when 10 pulses are applied; unfortunately, this cannot be plotted in figures 10 and 11 because we were

unable to measure those large bubbles, as mentioned above.

Frequency
Number of pulses 1Hz 2 Hz 3 Hz
1 1 - -
2 1 1 2
3 1 1 2
6 1 2 2
10 2 NM NM

Table 3.1. Summary of bubble type obtained when different number of pulses at three different repetition
rates. The type 1 bubble completely collapses with time; the type 2 bubble remains at a constant diameter in
the agar gel. NM: means the bubble was too large to be measured with our current set up.
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Fig. 3.10. Initial bubble diameter as a function of Fig. 3.11. Initial bubble diameter as a function of
number of pulses repetition rate.

Effect of Scattering.

Figures 3.12 and 3.13 show plots that compare the laser fluence required to form a bubble with a 5 ns laser
pulse at three different depths in transparent and highly scattering agar gel, respectively. From Figure 3.12,
it can be seen that there is insignificant difference in the fluence required to produce the bubble in
transparent agar, regardless of the depth at which the beam is being focused; notice also that there is no a
defined value for bubble formation threshold fluence, which is indicated by the overlapping of the fluence
error bars for the bubble and no-bubble formation events. Figure 3.13 shows the data for bubble formation
in highly scattering agar. It can be seen that in this case too, the laser fluence difference for the bubble and
no-bubble formation is very small, although only for the cases where the laser beam is focused at depths of
50 and 100 um. However, this laser fluence difference becomes larger if the laser beam is focused 200um
deep. It is also clear from comparison of Figs. 3.12 and 3.13 that the formation of all bubbles in the
scattering agar requires larger fluences (on the order of 50% higher fluence) as compared to the formation
of bubbles in transparent agar, especially for the 200um deep case, where up to 3 times higher fluence is

required.

32



1000 1000
900 - m  Bubble 900 - = Bubble
8004 ® No Bubble 800 ® No bubble
. T o
) o
§ 500 % 500
S 400 g 400
* 300+ T 300 3 i
200 i ; i 200-
100 - 100 |
0 —— 11— 0 ———T T
0 20 40 60 80 100 120 140 160 180 200 220 0 20 40 60 80 100 120 140 160 180 200 220
Depth [pm] Depth [pm]

Fig. 3.12. Laser fluence required to form a bubble in  Fig. 3.13. Laser fluence required to form a bubble
transparent agar at different depths. in scattering agar at different depths.

Irradiation with femtosecond laser pulses.

Similar experiments were carried out irradiating transparent agar gels with bursts from Ti:Sapphire
femtosecond laser pulses positioning the focal point 100um below the gel surface, the variation of the
bubble size with time is shown in Figure 3.14; the maximum energy used for these experiments was the
maximum energy that was available with the laser system at the moment of the experiment. The fluence
value shown in Figure 3.14 for each curve is the average fluence of two burst that produced the bubble. It
should be noticed that the initial size of the bubbles is half of the maximum size obtained with nanosecond
laser pulses and that all of these bubbles collapse within 20 seconds, in contrast with those produced by

nanosecond laser pulses. No permanent bubbles were observed.

33



60

50
—n— 64J/cm2

T v 102 Jiem2

5 40 148 J/icm2

R

()

N 30-

7]

[

g 20-\. )

=} \ /-?v/v\v\'\v\v Vy.

m 104

0 T T

1 10
time [sec]

Fig. 3.14. Bubble dynamics when bursts of femtosecond laser pulses are applied to transparent agar gels
positioning the beam’s waist 100 below the gel surface.

Conclusion

The type of bubble (transient or permanent that can be produced by single 5 ns laser pulses is strongly
dependent on the pulse fluence as shown in a previous work [24,25]; however, for fluences under the
threshold for permanent bubble formation, the type of bubble that can be formed depends on the number of
pulses and the frequency at which these are delivered. The fluence needed to form a bubble in highly
scattering agar gel is ~50% more as that needed in clear agar gel at 50 and 100 pm deep. However, at 200
pum, at least 3 times higher fluence is required. Bubbles produced with femtosecond laser pulses with the

fluences available in the laboratory were always transient and half the initial size than those produced with

nanosecond laser pulses.
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Chapter 4: Mechanical response of artificial tissue models irradiated with Nd:YAG
nanosecond laser pulses.

Introduction

Laser-ablation of tissue with nanosecond laser pulses has been widely studied in the past and has
been introduced in medical applications. The mechanisms of interaction between nanosecond laser pulses
and biological tissues are very interesting in medicine because it is possible to induce tissue ablation, but
also cutting and tearing with high precision and minimal thermal and mechanical damage to the
surrounding tissue. An excellent review of pulsed laser ablation is given in [1]. At low irradiance, the
optical energy couples to the target material according to the material’s linear absorption coefficient [2,3].
In this regime, thermal effects are dominant and if the laser pulse is shorter than the acoustic relaxation
time, stress confinement conditions occur and a thermoelastic expansion of the material launches a pressure
wave [4-6]. In contrast, at high irradiance, it is possible to couple optical energy to optically transparent
materials [7]. As the irradiance increases, the laser pulse ionizes the material via multiphoton ionization
seeding free electrons that serve as absorbers of photons. When photons are absorbed further, more
electrons are released serving as absorbers of more photons via an avalanche ionization [1,2]. This energy
coupling mechanism is what is referred to as non-linear absorption.

From an experimental point of view, for nanosecond and picoseconds laser pulses, the threshold
for plasma formation is definded as the radiant exposure (or fluence) at which there is observation of
luminescent plasma. For shorter laser pulses, plasma does not emit luminescence in the visible part of the
spectrum and the threshold has to be experimentally determined through the observation of cavitation
bubbles in water. From a theorethically point of view plasma formation is identified by the generation of a
free electro density between 10" and 10*' cm™ [1]. Evidence of plasma formation within tissue-like models
(like water or gels) is the appearance of bubbles, even with nanosecond laser pulses.

Laser induced bubbles are very important and deserve special attention as they are the principle in

which tissue ablation, cutting and tearing is based. Laser-induced bubbles, however, are not exclusive
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evidence of plasma formation but they may be formed by different mechanisms. When plasma is formed in
transparent water or a gel, the violent expansion of plasma pushes the surrounding material launching a
shock wave and an oscillating cavitation bubble results from vaporization of the material where plasma was
formed. Under this scenario, thermal effects to the surrounding tissue are negligible [1,8-11]. If the plasma
is very strong and pressure within the bubble is enough to plastically deform the gel, the result is long
lasting bubbles like those reported in chapter 3.

A second type of laser-induced bubbles is cavitation bubbles, which may be induced at moderate
temperature increments (below 100 °C) aided by tensile stresses. These bubbles are induced in water or gels
with high linear absorption coefficient. With a nanosecond laser pulse, the fast energy deposition creates
the conditions to launch a compressive pressure wave. When this compressive wave interacts with a
water/air interface, it is reflected as a tensile wave [5,12]. This tensile wave represents a low local pressure
that reduces the temperature required to achieve the saturation point and therefore produce a phase change.

Additionally, a third type of laser-induced bubbles are boiling bubbles, which happen when fast
light absorption, like with nanosecond laser pulses, is high enough to produce temperature increments
higher than the saturation temperature or even the spinodal limit. This type of bubbles is treated in the next
chapter.

The separation between cavitation and boiling bubbles is not well defined when the tissue model is
both heated and subjected to tensile stresses (stretched) at the same time. From this perspective, mechanical
effects induced by nanosecond laser pulses are very interesting as both absorption regimes: linear (which
induces heating) and non-linear (which induces the tensile stresses) can be found.

The objective of this chapter is to carry out a comprehensive experimental analysis of the
mechanical effects that result when tissue models are irradiated with nanosecond laser pulses to elucidate
the relative contiribution of linear and nonlinear absorption to bubble formation.

Three different experimental techniques were used for this purpose: (1) home made
polyvinylidene fluoride (PVDF) transducers [13,14], (2) time-resolved imaging (TRI) [15] and (3) time-
resolved Mach-Zehnder interferometry (TRIF) [16-18]. PVDF is a piezoelectric polymer that allows

recording the time history of pressure transients. The shape of this signal carries important information
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about the laser-tissue interaction. Such sensors are suitable for these experiments because of its low cost,
fast time response and high sensitivity. However, the disadvantage for the current experimental conditions
in the laboratory is that pressure can only be measured at approximately 1 mm away from the beam focus
position without risk of damaging the transducer. In order to measure the pressure next to the focal point, a
time-resolved imaging (TRI) system was developed. Images from the TRI system are useful to visualize the
propagation of a shock wave when plasma is formed. TRI provides information of the rate of change of the
shock wave radius as a function of time, i.e. the shock wave velocity. A mathematical model combines the
shock wave velocity, the material properties and speed of sound, to calculate pressure difference between
the shocked and unshocked regions. The disadvantage of TRI is that it is not useful to measure pressure
transients when plasma is not formed. To overcome this limitation, a time resolved Mach-Zehnder
interferometer (TRIF) was built to study the mechanical effects that occur when the irradiance of
nanosecond laser pulses is not high enough for plasma formation and the energy is linearly absorbed within
the tissue model. The combination the PVDF sensors and TRI systems allowed characterization of the
pressure distribution within the tissue model, while TRIF allowed measurement of pressure due entirely to
the linear absorption of laser light at the irradiation volume.

For tissue models, we used both agar gels with two agar concentrations and water. The selection
of each model depended on each experiment. Both gels and water were used with PVDF sensors and TRI,

whereas only water was used for the TRIF experiments.
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Materials and methods

Tissue models

For the experiments presented here, agar gel blocks with thickness from 1 to 11 mm were made.
Two agar concentrations were prepared with 2 and 4 grams of agar powder in 100 ml of deionized water.
To prepare the gels, deionized water was heated to boiling point and agar powder in solution was added to
meet the required concentrations; then the liquid agar gel was poured into molds of the appropriate

thickness made with glass slides.

Direct Red dye is a red color organic dye with high linear absorption in the green part of the
spectrum similar to hemoglobine (Hb), which is a reference value for medical applications since most
tissues contain blood.. Fig.4.1 shows the absorption spectrum of a 10% aqueous solution of Direct Red. The
linear absorption coefficient of the agar gels and aqueous solutions was varied adding Direct Red dye so the
resulting linear absorption coefficients at A=532 nm were p, = 22, 33, 47 and 97 cm’'. These linear

absorption coefficients were determined according to the methodology described in [19].
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Fig 4.1 Absorption coefficient spectrum of an agar gel with 10% Direct Red concentration. Direct red
absorption peak is in the green part of the spectrum. This peak makes Direct Red an ideal dye to model
hemoglobin absorption of green light. (Insert) Absorption coefficient spectrum of hemoglobin and other
skin chromophores for comparison purposes [1].
Piezoelectric sensors
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Polyvinylidene fluoride (PVDF) is a polymer with pyroelectric and piezoelectric properties that
make it suitable to measure laser-induced stresses. A pressure sensor was made using a 25 um thick,
aluminum-metalized PVDF film. The sensor was connected to a digital oscilloscope through a 1MQ
impedance to ensure proportionality of voltage to pressure [20]. The PVDF transducer sensitivity was 85
mV/MPa and the response time was measured to be 30 ns. Single oscilloscope traces were obtained for

each laser exposure, i.e. the signals obtained were not averaged using the oscilloscope controls.

Laser exposures and laser parameters

Figure 4.2 shows the configurations under which laser exposures were carried out. Fig. 4.2A
shows the experimental set up for the measurements with the PVDF sensor. Fig. 4.2B shows the
configuration when the beam waist was positioned on the surface of the agar gel block; this configuration
was useful to limit the interaction region to the high irradiance (beam waist) only. Fig. 4.2C shows the
configuration when the beam waist was positioned 1 mm below the agar gel block surface. This

configuration was useful to study the interaction under linear absorption conditions.

The agar gel block was displaced after each laser exposure to avoid any interference with
irregularities in the material due to remaining bubbles/craters from previous exposures. For experiments
with water, a cuvette was glued to the sensor’s aluminum case. The beam waist was found using the

equivalent target plane (ETP) system described in the section below.

Laser energies used in the present study were kept below 1 mJ as higher energies tend to produce
long lasting bubbles in agar gel when the laser pulse is focused [21]. The laser was focused to a beam waist

1/¢* radius of 2.3 pum, measured with the ETP system (described below).
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Time Resolved Imaging (TRI)

The experimental setup for time-resolved imaging of laser-agar gel interactions is shown in Fig.
4.3. Tt consists of two nanosecond laser systems electronically synchronized. The first, used as the pump,
was a Brilliant (Quantel, Les Ulis Cedex, France), Q-switched, Nd:YAG laser that incorporates the second
harmonic crystal to produce 6 ns laser pulses at A=532 nm. The second, used as the probe, was an EKSPLA
(Lithuania), Q-switched, Nd:YAG that incorporates an Optical Parametric Oscillator (OPO). The OPO was
set to operate at A=1064 nm. This probe wavelength was chosen because Direct Red dye has low linear
absorption at this wavelength compared to that at 532 nm [15].

Both beams were brought co-linear onto the sample. The delivered energy was varied with the
combination of the half wave plate (HWP1) and polarizer (P1). Energy was monitored with a cross-
calibrated energy meter (EM) (Ophir) to a second energy meter, (Molectron, Portland OR) positioned at the
sample’s location. The probe beam energy was varied changing the relative delay of the Q-switch to flash
lamp by means of the triggering electronic pulse from the delay generator (DG) (BNC, San Rafael CA,

USA). The beam passed collimated through the sample by means of lenses L1 (f=35mm) and L2 (f=6mm).
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A magnified image of the sample is formed by the combination of lenses L3 (f=25 mm) and L4 (f=400
mm) onto a CCD camera (IMI Tech, Seoul, Korea). A long-pass filter with cut-off wavelength at A=610 nm
(RF) positioned in front of the CCD blocked scattered light from the green pump beam.

The electronic delay generator DG provided the electronic pulses required to externally trigger
both laser systems at 10 Hz repetition rate. The relative delay between the probe pulse and the pump pulse
can be set directly with the DG unit’s controls. Single laser pulses from the pump beam are selectively
released by a mechanical shutter (MS) (Uniblitz, Rochester NY, USA) that opens its aperture for 100 ms,
therefore allowing only one laser pulse to pass through it. This is achieved by applying 3 V, 100 ms long
square pulses from a signal generator SG (BNC, San Rafael CA, USA) to the mechanical shutter driver
MSD (Uniblitz, Rochester NY, USA). The settings in the SG are 3 V, 5 Hz, 50% duty cycle.
Simultaneously, the signal out of the SG is divided and also sent to trigger the CCD whose exposure time
was set to 130 ms. This exposure time guarantees that only light from the probe pulse is captured by the
CCD up to tens of milliseconds after the pump pulse released from the MS. At the same time the SG is
externally triggered with a DC power supply DCPS (Circuit Specialists, Inc., Mesa AZ, USA) and a custom
made hand trigger HT. The delay generator could produce delays as short as 1 ns, however the
experimental setup time resolution is given by the probe pulse duration, which was 6 ns.

The lens L1 in the IR beam also served a second purpose. The CCD could be placed to have the
pump beam retro-reflected from the target onto the CCD in an image relay; this setup is commonly referred
to as as an equivalent target plane (ETP) system. The ETP was used to set the location of the beam focus in
the sample when each new sample was placed. The pump laser was focused to a beam waist 1/e” radius of
2.3 um, measured with the ETP system. The probe laser passed the sample with a 1/e” radius of 175 um and

a per pulse energy of 1 pJ.
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Fig. 4.3. Experimental set up for time-resolved imaging (TRI) and equivalent target plane (ETP) system
(see body of the text).

Time-resolved Mach Zehnder interferometry (TRIF)

The mechanical effects of linearly absorbed laser energy were monitored with a Mach-Zehnder
interferometer. The experimental set up is shown in Fig. 4.4. The probe and pump beam were electronically
synchronized in the same way they were for the TRI system and the synchronization details are not shown
again in Fig. 4.4. The pump pulses were delivered by the Quantel laser at A=532 nm, while the probe pulses
were delivered by the OPO system of the EKSPLA laser at A=633 nm. The pump pulse is focused in the
bulk of the Direct Red solution by a removable aspheric lens L1. The probe pulse is split into two paths by
means of a 50/50 beam splitter BS1. A quartz cuvette filled with an aqueous solution of Direct Red is
placed conviently so that the pump pulse is incident on on it from above and its energy absorbed by the
Direct Red solution. Another quartz cuvette filled with the same Direct Red solution is positioned in the
reference arm of the interferometer so that both optical paths are equal. The two arms are recombined at a

second 50/50 beam splitter BS2 where an interference fringe pattern is generated. A 50 mm focal length
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lens magnifies the interferogram and sends the image to the CCD camera. As in the TRI system, the

temporal resolution of the TRIF system is given by the probe pulse duration.
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Fig 4.4 Experimental set up for TRIF. Pump and probe pulses are electronically synchronized as in Fig. 4.3

Results and discussion

Variation of mechanical properties

Figure 4.5 shows the typical wavefrom obtained when a nanosecond laser pulse is focused 1 mm
below the surface of transparent agar gel blocks and deionized water. From now on, the laser beam waist
(focus) is in this same position unless otherwise indicated. The laser energy was 500+50 pJ and the distance
from the beam waist to the PVDF sensor was 10 mm. Waveforms are shown at this distance from the beam
waist to ensure that the pressure wave curvature, which starts as a spherical shock wave [8], is large enough
so it can be considered as a plane wave when it reaches the PVDF film. In general the waveforms have a
bipolar shape. At time t=0, there is a sharp rise of the signal that gets to a maximum within a few hundreds
of nanoseconds and gradually decreases. It has been shown previously by optical means that the actual
shock wave width produced by a 200 mJ nanosecond laser pulse in water is about 25 ns [8], so the actual
shock waves in these experiments are most likely shorter. As the signal decreases, there is a sharp decrease

followed by a local minimum and eventually the magnitude reaches a zero value again. The sharp rise is
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produced by the lower part of the spherical shock wave that propagates downwards to the sensor. The sharp
decrease is produced because the upper part of the shock wave that propagates upwards is reflected
backwards with inverted sign after it interacts with the agar gel or water-air interface where it finds an
acoustic impedance mismatch.

Figure 4.6 shows the maximum amplitude of the waveforms as a function of the laser pulse energy
for the three materials studied. As expected, the higher the energy, the higher the amplitude. However for
laser energies below 500 pJ, the amplitude for the 2% agar and deionized water overlap, while the
amplitude for the 4% agar remains lower. This observation is more evident in Fig 4.5 (read below) when
the amplitude of the pressure wave is measured at different distances from the beam waist. This is because

4% agar is significantly stiffer than 2% agar and deionized water; therefore the expanding plasma launches

a weaker shockwave.
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Fig. 4.5. Pressure signal detected with PVDF sensor Fig. 4.6. Pressure amplitude measured 10 mm
when the beam waist was positioned 1 mm below the away form the beam waist as a function of energy.
surface of the agar gel and 10 mm away from the Beam waist was positioned 1 mm below the
PVDF sensor. surface of the agar gel.

Pressure as a function of distance

Figure 4.7 shows the maximum amplitude of the pressure wave measured with agar samples

of different thicknesses. Using samples of different thicknesses allows to measure pressure at specific
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distances from the beam waist. The energy per pulse was 500+50 pJ. The pressure amplitude for the
2% agar blocks and deionized water overlap and show a linear decay with sample thickness; the
pressure amplitude drops by 25% while it propagates from 1 mm to 10 mm away from its origin to the
PVDF sensor. In contrast, the maximum pressure amplitude for the 4% agar gel blocks is
approximately 40% lower than that for 2% agar blocks and water. Although the amplitude for this agar
concentration is higher measured 1 mm away from the beam waist, the rest of the measurements for
longer distances away from the beam waist do not show decay as steep as it is for the 2% agar gel
blocks and deionized water.

It is very difficult to perform measurements with the PVDF sensor for samples thinner than 1
mm because there is a large chance of damaging the sensor. Therefore, the shock wave amplitude is
investigated indirectly using a mathematical model that involves the information that can be obtained
from TRI. Such information is the shock wave radius as a function of the relative delay from the pump
and probe pulses. The shock wave velocity can be obtained calculating the derivative of this function
and pluged into equation 4.1. Mathematical derivation of this equation starting from mass, momentum
conservation equations and Hugonit equation to relate the shock wave velocity to the particle velocity

is in [15] and references therein:

U-C. (4.1)
S

P1_P2:/)2U(

where P;-P, is the pressure difference between the shocked and unshocked regions, p; is the agar gel
density, U is the shock wave velocity, C; is the speed of sound and S is the Hugoniot coefficient for

10% gel. C; and S values are 1520 m/s and 2.0 respectively [15].

Figure 4.8 shows the pressure distribution inside the agar gel blocks and deionized water from
50 pm to 10 mm away from the beam waist. It contains the same data points than Figure 4A from 1 to
10 mm, in addition to the data points 50 um away from the beam waist calculated with equation 4.1.

Shock wave velocites for these data points were obtained from TRI. Only one data point for each
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material was calculated. The reason is because the field of view of the CCD camera was such that the
shock wave radius increased linearly with respect to the pump-probe delay, and therefore shock wave
speed was observed to be constant; in other words, it was impossible to see the shock wave
deceleration until it becomes a pressure wave. It is expected that the shock wave becomes a pressure

wave propagating a sonic speed in less than 150 ns after optical breakdown [8].
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Fig. 4.7. Pressure distribution within agar gel Fig. 4.8. Pressure distribution within agar gel
from 1 mm to 10 mm measured with PVDF from 50 pm to 10 mm measured with PVDF
sensor. Energy per pulse was 500 pJ. sensor and TRI. Energy per pulse was 500 pJ.

Pressure for different irradiation configurations

Fig. 4.9A shows the pressure wave originated when an unfocused nanosecond laser pulse is
incident on an absorbing agar gel block. The wave gradually increases exponentially with a slope
according to the Beer’s law and the gel’s absorption coefficient. If stress confinement conditions are
met and ablation threshold is not overcome, the entire signal has a symmetric bipolar shape such that
the integral vanishes [6]. Fig. 4.9B shows the typical signal when the beam waist is positioned on the
gel surface and Fig. 4.9C corresponds to the configuration positioning the beam waist 1 mm below the
gel surface. All these signals show a sharp increase at t = 0, reach a maximum and then decrease.

In contrast to Fig 4.9A, the sharp rise in Figs. 4.9B and 4.9C is produced by a shock wave that

is launched due to plasma formation. The pressure signal in Figure 4.9B shows two spikes on top of

49



the signal originated. In this experiment the beam waist was positioned on the surface of the agar gel
using the ETP system previously described, however, there is an inherent error in the beam waist
positioning in the order of the lens’ Rayleigh range. When the beam waist is positioned 40 pm above
the gel surface, twice the Rayleigh range of the lens used, and the irradiance is enough to ionize the air
above, two different pressure waves are generated and travel simultaneously. The first, labeled with
number 1 in Fig. 4.9B, is generated by the plasma formation in air and propagates downwards to the
sensor. The second spike, labeled with number 2, is originated by linear absorption of the light that
propagates after the plasma and is incident on the agar gel surface. The final signal shown in figure
4.9B is the superposition of these two waves. Interestingly, oscilloscope traces with spikes very similar
to those obtained here are shown in recent studies where a PDVF sensor was developed to monitor
nanosecond laser induced-bubble collapse near a solid surface [16,17]. Clearly the laser exposure
configuration used in the present study is different and bubble collapse is not the mechanism
responsible for the spikes we observe in our experiments.

Figure 4.9C shows a pressure wave originated in an agar gel block when the beam waist was
positioned 1 mm below the surface. Here the lower part of the spherical shock wave propagates as a
compressive wave towards the sensor, while the upper part propagates also as a compressive wave
towards the free surface and is reflected backwards with inverted sign as a tensile wave. The change
from compressive to tensile wave takes place due to the acoustic impedance mismatch between the
agar gel surface and air. The tensile wave is clearly shown as a sharp decay in the pressure wave in
Figure 4.9C. The time difference between the rise edge of the pulse (compressive) and the fall edge
(tensile) agrees well with the time that it takes for an acoustic wave to travel 2 mm at 1500 m/s. For

this rough calculation, the deceleration of the wave from shock wave to a pressure wave is neglected.
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Linear absorption coefficient

Fig. 4.10 shows the amplitude of the pressure signals detected with the PVDF sensor when the
laser waist was positioned 1 mm below the 2% agar gel surface surface and 10 mm away from the
sensor for different absorption coefficients as a function of the per pulse energy. The transparent agar
gel shows higher pressure increments because almost the entire energy from the laser pulse is
deposited in the focal volume and is readily available to produce plasma. In contrast, pressure
amplitude for absorbing agar gels show lower pressure increments because the beam propagates 1 mm
through the gel and the energy that remains to produce plasma is less than in the previous case. In fact,
for the 47 cm™” agar gel blocks, no signal was detected for energies lower than 500 pJ. The heat
generated while the beam propagates through the 1 mm is not enough to induce a pressure wave
detectable with the sensor because the size of the beam is large and therefore the fluence low. No
changes of the pressue signal as a function of the pulse energy were detected for the configuration

when the beam waist was positioned on the surface of the agar gel.
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Fig. 4.10. Pressure amplitude as a function of per pulse energy. Laser pulses were incident 1 mm
below the surface of agar gel blocks.

Time-resolved Mach-Zehnder interferometry (TRIF)

Figures 4.11 and 4.12 show the sensitivity obtained with the Mach-Zehnder interferometer built.
Fringe shift indicates a phase difference between the probe and reference arms of the interferometer. Fig.
4.11 shows the interferogram originated due to an elliptical shockwave launched by optical breakdown in
air. Fig. 4.12 shows a plane wave propagating in the direction of the arrows in a Direct Red aqueous
solution with p,= 22 cm™. Lens L1 was removed and the laser beam was incident from the top of the

picture. Spot size was 5 mm.

Fig. 4.11. Shock wave induced focusing a 6 ns laser Fig. 4.12. Plane wave propagating downwards
pulse in air. originated by an unfocused nanosecond laser pulse
incident on a Direct Red solution with = 22cm™.
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Figures 4.13 and 4.14 show images of a cavitation bubble that was formed when the pump laser
beam was focused in the bulk of the Direct Red solution and the laser irradiance at the focal point was not
high enough to produce plasma. Fig. 4.13 shows a simple image of the bubble when the reference arm of
the interferometer had been blocked and Fig 4.14 shows the interferogram when another bubble was
formed under similar irradiation conditions. No fringe shift was observed in Fig. 4.14. Although the
irradiated volume increased its temperature upon laser energy absorption, the lack of fringe shift in the
interferogram may be explained because the beam waist was about 6 um in diameter, which is too slender

to induce a phase change in the optical propagation path of the probe arm with respect to the reference arm

of the Mach-Zehnder interferometer.

Fig. 4.13. Simple image of a cavitation bubble ig 4.14. TRIF mage of a cavitation bubble when
formed when a nanosecond laser pulse focused in a nanosecond laser pulse a nanosecond laser pulse
the bulk of a Direct Red solution didn’t have focused in the bulk of a Direct Red solution didn’t
enough intensity to produce plasma. have enough intensity to produce plasma. No phase
shift was observed.

Given that no phase change was registered when the laser beam was focused in the Direct Red
solution with laser fluence under the threshold for plasma formation, the approach was to increase the size
of the laser beam and laser pulse energy to create cavitation bubbles under similar conditions. Fig. 4.15

shows a schematic of the new experimental conditions. For these experiments, the lens L.1 in Fig. 4.4 was

removed. The pump beam was collimated and reduced to a 1 mm diameter. The absorption coefficient of
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the sample was p1,=22 cm’ which produced penetration depth & = 450 pum. Under such conditions & is

comparable to the beam diameter and a cylindrical wave propagating in the radial direction results.
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Fig. 4.15. Experimetal conditions in which a nanosecond laser pulse is linearly absorbed in an aqueous
solution of Direct Red and the interaction region is observed through TRIF. Because § is comparable to the
beam diameter, a cylindrical wave propagating in the radial direction results.

Figure 4.16 shows images of TRIF carried out in the irradiated volume. Although it is still difficult
to observe the cylindrical wave propagating in the images in Fig. 4.16, it is visible during the first 250 ns
when a movie with these same images is made. It is possible to observe a fringe shift along the beam
propagation path.

The fringe shift was measured for each picture obtained. No significant difference in the optical
phase change was observed as a function of time. This is because the heat generated upon laser pulse
energy absorption is confined to the irradiation volume for at least the 5 ps delay with respect to the pump

pulse when the images were taken.
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Fig. 4.16. TRIF images when a collimated nanosecond laser pulse was incident on a uartz cuvette filled
with Direct Red solution. Laser spot size was 1 mm. No significant difference in the phase change was
observed as a function of time.

Figure 4.17 shows microcavitation bubbles that were formed in the bulk of a Direct Red aqueous
solution when a nanosecond laser pulse was incident. The absorption coefficient of the solution was p,= 22
cm” and the energy per pulse was 5 mJ. The temperature increment associated with these irradiation

conditions is ~ 3°C, which is too low to induce a phase change at standard pressure. The influence of tensile

stresses on the phase change is evident at so low temperature increment under this perspective.
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Fig. 4.17. Cavitation bubbles formed in the bulk of a Direct Red soultion with p,=22 cm™. Energy per pulse
was 5 mJ and laser spot size | mm. Under such conditions the maximum calculated temperature increment
was ~3 °C.

The fringe shape can be approximated as a triangular profile according to Fig. 4.18. The maximum
refractive index change can be calculated using equation 4.2 following the procedure in [17] if the phase

change is known from the interferogram.

A, 8D, 15 4.2)

" or R X2

where dn,,, is the maximum refractive index change, A, is the wavelength of the interferogram, 6@,y is

on

the maximum phase change, R and x, can be measured from the interferogram in Fig. 4.18. The
wavelength of the interferogram was measured to be A, =28 pum from an interferogram when the pump
pulse was blocked (not shown). From the interferogram shown in Fig. 4.18, 8® = nr, R= 1104 pm and x,,=

540 pm were measured. The resulting refractive index change with this information is n,,=0.01090.
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Xm= 540 A

Fig. 4.18. Fringe shpe can be approximated as a triangle. Using eq 4.3 and measuring the distances x,, and
R, the maximum refractive index change can be calculated.

An empirical equation that relates the refractive index of water as a function of pressure,
temperature and light wavelength was reported in [22]. For the case studied here, considering the
temperature increment of 3 °C, and the 633 nm wavelength of the probe pulse, the mentioned equation

reduces to equation 4.3:

0=m+1.48x10"p—1.89x107° p° (4.3)

where 0n is the refractive index change and Jp is pressure change in bars. Solving for 5p with the refractive
index change on calculated above, results in a pressure change (decrement) of -67 MPa. Such pressure with
negative sign is a tensile wave, which explains caviation bubble formation with such a low temperature
increment.

What really happens is that the cylindrical irradiated volume is being stretched in the radial
direction due to the thermoelastic expansion, such that the local pressure in the center of the cylinder is low
enough to induce microcavitation bubbles aided by a low temperature increment. Preexisting microbubbles
and impurities may serve as nucleation centers that facilitate cavitation.

Microcavitation bubbles induced in an aqueous solution of potassium chromate by a nanosecond

laser pulse originating temperature increments as low as 5 °C have been studied before [5,12]. In those
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experiments the laser spot size was much larger than the light penetration depth and, therefore, the
compressive pressure wave that resulted from fast thermoelastic expansion of the irradiated volume
surrounded by cold material was a plane wave. Such wave propagates in both directions, the optical path
direction and in the opposite direction towards the solution/air interface. When the latter wave reaches the
solution/air interface it encounters an acoustic mismatch because of the lower acoustic impedance of air
compared with that of water, and is reflected as a tensile wave. The combination of the tensile wave and
moderate temperature increments is the mechanism responsible for initiating the cavitation bubbles.

In the experiment carried out here, the laser spot size is comparable with the light penetration
depth and the resulting wave from the thermoelastic expansion is a cylindrical wave. The expansion in the
radial direction stretches the irradiated volume and originates tensile stresses within the interaction volume.
There is actually no tensile wave propagating in this case. Even though expansion of the cylinder in the
optical path direction also takes place, the radial explansion is more important. The plane wave in the
optical path was not even detected with TRIF. In contrast, in the experiments in [5,12], the tensile wave is
the result of the interaction of a purely compressive wave with the boundaries (water/air interface) that
encounters as it propagates.

In the next chapter, the bubble formation around absorbing particles upon nanosecond laser pulse
energy absorption is discussed. It is very interesting that those bubbles form when local temperature
increments exceed several hundreds of degrees Celcius and also when they exceed only a few tens of
degrees Celcius. For the latter case, tensile stresses may be a plausible explanation for those bubble

formation

Conclusions

Mechanical effects of irradiation with nanosecond laser pulses of agar gels were studied with three
experimental techniques: PVDF sensors, TRI and TRIF. It was found that the amplitude of the pressure
waves detected with a PVDF sensor from 1 to 10 mm away from the beam waist has not significant
difference for the agar gel concentrations tested. The pressure increments a few tens of micrometers from

the beam waist are two orders of magnitude higher than 1 mm away; in other words, the pressure amplitude

58



decreases 2 orders of magnitude in the first millimiter of propagation. In addition a brief description of the
shape for the pressure signals obtained with the PVDF sensor for the different irradiation configurations
was presented. Increasing the linear absorption coefficient of the samples affected the amplitude of the
signal when the beam was positioned 1 mm below the surface because plasma formation is weaker due to
energy absorbed throughout the 1 mm propagation. This is a clear indication that plasma formation is the
dominant interaction mechanism in these experiments. TRIF revealed the role of tensile stresses on
microcavitation bubble formation when very low temperature increments (~3°C) take place upon laser

energy linear absorption.
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Chapter 5: Plasma Membrane Integrity and Survival of Melanoma Cells

after Nanosecond Laser Pulses

Introduction
Detection of circulating tumor cells (CTC) in human blood and lymph systems has the potential to aid

clinical decision making in the treatment of cancer [1-4]. The presence of CTC may signify the onset of
metastasis, indicate relapse, or may be used to monitor disease progression. Initial CTC detection systems
were based on histopathologic techniques and have been proven to be time-consuming and subject to
reviewers interpretation. Non-optical means exist for CTC detection, including Reverse Transcriptase
Polymerase Chain Reaction (RT-PCR) [5,6]. Even though PCR led to increased sensitivity and specificity
of detection, and removed the subjective influence inherent in earlier CTC detection methods, its clinical
implementation is not feasible due to their complexity and concerns regarding the specificity of PCR in
detecting CTC due to inconsistency of results and amplification of false products [5]. The use of
immunohistochemestry for CTC detection relies on antibody recognition of a specific tissue-type marker of
cancer-specific marker. Immunohistochemestry has shown conflicting opinions about its reliability and
specificity [5]. CTC detection is still an uncertain research area and optimal detection has yet to be

achieved.

Design and construction of a circulating melanoma cells (CMC) detection system is based on the
fact that melanoma cells contain a great amount of melanin and fewer than 5% of melanomas are
amelanotic[7,8]. Since melanin is a strong optical absorber for the whole visible spectrum[9], laser
irradiation has been used to induce acoustic responses in melanin in vivo [10]. Based on this principle, a
previous study proposed the use of photoacoustic waves for rapid and accurate in vitro detection of
circulating melanoma cells (CMC) obtained from routine blood draws from metastatic melanoma patients
[11]; the authors demonstrated that at least 10 phantom melanoma cells are necessary to maintain a strong

photoacoustic signal. A more recent study attempted detection of circulating cells, nanoparticles and
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contrast agents in vivo [12]; the authors reported threshold sensitivity as low as a single cancer cell in the

background of 10" normal blood cells.

While in vivo detection becomes feasible, implementation of this concept in vitro has several
advantages: it is fast, inexpensive and minimally invasive. In vitro detection entails obtaining the
mononuclear cell layer (MNCL) derived from lysing and spinning a blood sample from a melanoma patient
in a centrifuge. The resulting MNCL is mixed with 20 ml of normal saline and introduced into a flow
system consisting of a pump, a fluid receiver, a transparent flow chamber with an integrated acoustic
sensor, and a pulsed laser (A= 450 nm; 5 ns pulse duration) system which creates the conditions for
acoustic wave generation [11]. Unfortunately, while larger fluences inevitably result in stronger
photoacoustic signals, thus increasing the signal-to-noise ratio (SNR), excessively high optical absorption
inside the CMC produces localized laser-heat generation that may lead to bubble formation. Bubble
formation inside cells may lead to plasma membrane damage, thereby allowing melanin to leak from the
cell, and thus preventing continuous photoacoustic detection. The ideal operation condition for a system of
this type in a clinical application is to have a continuous detection. For this, it is necessary to ensure that
the plasma membrane remains undamaged after laser irradiation, so the melanin does not leak from the cell

and diffuse into the circulating solution, reducing the SNR of the photoacoustic signal.

Survival of pigmented melanoma cells after irradiation with laser pulses of 40 ns and 300 ps at
A=694 nm has been studied before [13]. The authors compared the effects of pulse duration using
melanoma cells of a mouse pigmented melanoma cell line (B-16) and a human non-pigmented melanoma
cell line (FaDu). It was found that pigmented melanoma cells died only when irradiated with 40 ns pulses,
whereas the non-pigmented cells remained viable for both pulse durations. In addition, they demonstrated
acoustic wave transients when 8.5 ns laser pulses at A=532 and 625 nm were used; these transients are from
2.5 to 3-fold higher for A=532 nm wavelength as compared to 625 nm; however melanosome’s optical
absorption coefficient at A=532 nm is only 1.75 times higher as compared to A=625 nm according to the

012/1-348

experimental expression u,=1.70x1 presented in reference [9], where y, is the absorption coefficient
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and A is the wavelength expressed in nanometers. Unfortunately they did not show data for cell survival

after irradiation with 8.5 ns.

There are experimental [14,15], numerical [16] and theoretical [17] studies that focus on bubble
formation around microabsorbers, such as melanosomes and absorbing microbeads in water after laser
irradiation with nano- and micro-second pulse durations. Experimental studies [18-21] have revealed that:
(a) the threshold fluence for bubble formation increases with pulse duration as heat transfer increases; and
(b) there is a transition from bubble-driven (mechanical) to protein denaturation-driven (thermal) cell death
as the pulse duration is longer. These studies, however, focused on retinal pigment epithelium (RPE)
melanosomes. Thus the motivation for work presented in this manuscript is the lack of equivalent

information melanoma cells from cutaneous origin.

It has been proven that CTC’s are photoacoustically detectable using laser pulses of 5 ns duration,
450 nm wavelength, and 0.450 J/cm® fluence [11]. However, this wavelength is difficult to obtain at that
pulse duration, as it requires a frequency-tripled Q-switched laser system to pump an Optical Parametric
Oscillator (OPO). An OPO is a complex nonlinear optical system that increases by a factor of two the cost
of the laser system used for photoacoustic excitation-detection of CTC’s, and it requires maintenance from

experienced technicians.

The purpose of this work is to better understand the laser-melanoma cell interactions to assist on
the design of an in vitro photoacoustic CTC system developed specifically for pigmented melanoma cell

detection. The specific objectives of the present work on human melanoma cells are to:

(a) Determine melanoma cell survival after laser pulses of 6 ns [11] at wavelengths that are feasible to
obtain (e.g., second and third harmonics of a Nd:YAG, Q-switched laser: A = 532 and 355 nm),
and where melanin is still a high linear optical absorber (the 1 ns difference between the pulse
duration in some of the experiments in this work and those in reference [11] should not be of

consideration).
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(b) Study a potential enhancement of the photoacoustic signals using A=355 nm in comparison to
A=532 nm, since melanin linear absorption at 355 nm is higher than at 532 nm by a factor of 4.

(c) Determine whether melanin leaks from melanoma cells and the critical laser fluence at which this
happens, which would adversely affect the SNR of continuous photoacoustic detection.

(d) Develop a time-resolved imaging system with nanosecond resolution to study the intracellular
interactions (e.g., laser-induced bubble formation) within the melanoma cells, and their effect on
the plasma membrane integrity. This on view that the main concern for the in vitro melanoma

detector is melanin leakage from the cell.

Materials and Methods

Cell culturing and sample preparation

HS936.T (C1) cells were grown as a monolayer in Dulbecco’s Modified Eagle Medium (American
Type Culture Collection ATCC, Manassas, VA) with 10% horse serum and 1% of Penicillin-Streptomycin
on 6-well cell culture clusters until the culture was confluent. Media was changed every other day.
Incubator atmosphere was at 37°C, 5% CO, and 90% humidity. Cell monolayers were rinsed with
Phosphate Buffered Saline (PBS), and harvested from tissue culturing wells adding Cellstripper
(Mediatech, Inc., Herndon VA) and incubating for 5 min at 37°C. The cells were resuspended in PBS at a
concentration of 2.5x10° cells/ml, and sedimented by low-speed centrifugation. Cells were washed and
resuspended in PBS twice, and placed on 24-well tissue culture treated clusters at cell density of 500 cells/

mmz.

Laser Irradiation
Figure 5.1 shows a schematic of the optical system used to irradiate the samples. Laser irradiation
was performed using a Q-switched, Nd:YAG laser and it also has three high power output ports for the

fundamental, second and third harmonics; 1064, 532 and 355 nm wavelengths, respectively.

The second harmonic laser beam delivered to the cell cultures was collimated and resized to 1/e?

spot diameter of 1 mm, using a combination of a convergent LC (f = 125 mm) and a divergent LD (f = -50
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mm) lens. The energy per pulse was varied using an attenuator made of a half wave plate HWPI1 and a
polarizer P1, and it was monitored with a previously cross calibrated energy meter EM (Ophir, Logan, UT)
to a second energy meter placed at the target’s position. The sample was mounted on a 3D translation stage
that allowed easy repositioning of the sample. By means of a pellicle beam splitter BS, in line with the
Nd:YAG beam, a continuous wave (CW), 0.5 mW, 543 nm wavelength He-Ne laser (Thorlabs, Newton
NJ) served as aiming beam. A total of 4 pulses were delivered to each sample. Each pulse was delivered at
a fresh site, therefore, a single cell was never irradiated more than once. Cells were not irradiated using a
single pulse with a large spot size because with such a large spot, the laser fluence that can be achieved
with our laser is not high enough to induce damage to the cells. Laser irradiation with the third harmonic (A
= 355 nm) was possible by removing the mirror RM and it was carried out in the same way as it was done
with the second harmonic. The distance between lenses LC and LD was adjusted to give the same spot size
(as in the second harmonic case) at the sample and the delivered energy was adjusted by using various

neutral density (ND) filters.

EM Uy’ HeNe
i hd
~N Second harmonic Third harmaonic
~—t+ LC 532 nm output 355 nm output
4— D W I N3
oA 77-F=| NdvAg NS
u i
—i__ Sample : P1  HWP1 1
Z _I ________ o __ _'
7
BS RM ND

Fig. 5.1. Experimental set up for laser irradiation of melanoma cells with nanosecond laser pulses with
A=355 and 532 nm. Second or third harmonic was delivered to the sample inserting or removing the
removable mirror (RM). HeNe laser serves as aiming beam. Target’s holder was displaced in the X-Y
direction to provide four laser pulses to each sample without overlapping of laser exposure on the same
cells.
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Cell damage determination

Immediately following laser irradiation, a 0.08% solution of Trypan blue, used as a viability
assessment dye, was added to the whole sample, including irradiated and non irradiated cells. Cells were
collected from the well cluster and counted using a hemacytometer. The reactivity of Trypan blue is based
on the fact that the chromophore is negatively charged and does not interact with the cell unless the
membrane is damaged. Therefore, all the cells which exclude the dye are undamaged. Control samples
were kept without laser irradiation during the experiment. Long-term effects were not considered as they

are irrelevant for continuous photoacoustic CTC’s detection.

Melanin leakage determination

Immediately following laser irradiation, samples of cells and PBS were collected in Eppendorf
tubes. Cells and PBS were then separated by centrifugation at 8000 g for three minutes. Absorbance of the
resulting mixture of PBS and melanin from the control and laser-irradiated samples was measured in a
Nanodrop spectrophotometer (Thermo Scientific, Wilmington DE) at 220 nm. This spectrophotometer was
chosen because it handles sample volume about 3 pl. Differences in PBS absorbance as a function of laser
fluence with respect to control samples indicate that there is melanin diluted in PBS that came from the

laser-damaged cells.

Comparison of photoacoustic signals for 2 = 355 and 532 nm

To compare the amplitude of the photoacoustic signal produced by both wavelengths, the
experimental set up shown in Figure 5.2 was built. Either the second or the third harmonic from a Surelite
OPO PLUS (Continuum, Santa Clara, CA), Nd:YAG, Q-switched laser system that emits 5 ns laser pulses
was used. The laser beam was focused into a 1 mm spot diameter through a focusing lens and reflected
through a right angle prism onto an acrylic well holder positioned on top of a laboratory made, unfocused

type, polyvinylidene fluoride (PVDF) ultrasonic transducer with sensitivity 0.71 mV/bar. The well holder

contained 50 pl of a 1% intralipid acrylamide disk that was used to protect the transducer. 25 pl of sample

suspension was pipetted into the well for testing and a newly made scattering disk was used for each
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individual test. The signal from the PVDF transducer was sent to a signal amplifier and then into an

oscilloscope.

The concentration used for each test was 1 x 10° cells/ml of suspension. The total irradiated
volume was 1 pl so the total number of cells irradiated was 1000. In addition, to lessen the effects of cell

clumping, the cells were irradiated while suspended in Tryple E.

The photoacoustic signal was quantified as the integrated pressure, which is the result of
integrating the oscilloscope trace from 1.6 to 2.5 us, which is the calculated acoustic depth of the irradiation
well. Integrated pressure units are [volts*seconds]. The thickness of the acrylimide scattering disk was 2.5
mm at the middle. There are some curved effects due to the cuvette being 4.5 mm in diameter due to fluid
adhesion. The thickness of the samples was 1.25 mm in the middle it was half since the disk was loaded
with 50 uL and 25 uL for the sample. A typical absolute waveform taken at 1 J/cm® at 32 dB amplification

is shown in Figure 5.3.
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Fig. 5.2. Experimental set up for comparison of photoacoustic pressure at A=355 nm and A=532 nm. The
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laser pulse is brought to the melanoma cells (sample) through a focusing lens and a prism. The cells are
contained in an acrylic well and diluted in Tryple E to avoid cell clumpling. The PVDF ultrasonic
transducer is protected from laser damage with a 1% intralipid acrylamide disk.
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Fig. 5.3. Absolute value of a typical waveform obtained with oscilloscope for comparison of photoacoustic
signal at A=355 and 532 nm. Signal was integrated from 1.6x10 to 2.5x10° sec to include the calculated
acoustic depth of the irradiation well. Laser fluence was 1 J cm™, A= 532 nm and data acquisition was at 32
dB amplification. Inserted figure shows the raw signal as it was acquired with the oscilloscope.

Time-resolved imaging of laser irradiated cells
The experimental setup for TRI of laser-cell interaction is shown in Figure 5.4. It consists of two

nanosecond laser systems electronically synchronized. The first, used as the pump, was the EKSPLA laser
system previously described (Nd:YAG 1). The second, used as probe, was a Brilliant (Quantel, Les Ulis
Cedex, France), Q-switched, Nd:YAG laser that emits 6 ns laser pulses at the fundamental A=1064 nm
(Nd:YAG 2). This probe wavelength was chosen because melanin has lower absorption as compared to 532

and 355 nm.
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Both beams were brought co-linear onto the sample. The green/UV pump beam was resized by
means of lenses LC (f = 125 mm) and LD (f = -50 mm) to increase laser fluence on the sample. The
delivered energy was varied and recorded in the same way than for the cell damage experiment. The probe
beam was slightly focused onto the sample with lens L1 (f = 250 mm). A magnified image of the sample is
formed by an aspheric lens L2 (f = 6 mm) and L3 (f = 400 mm) onto a charged coupled device (CCD)
camera (Hamamatsu, Lake Forest, CA). A long-pass filter with cut-off wavelength at A=610 nm (RF)

positioned in front of the CCD blocked scattered light from the green pump beam.

The delay generator DG provided the electronic pulses required to externally trigger both laser
systems at 10 Hz repetition rate with a relative delay. Single laser pulses from the pump beam are
selectively released by a mechanical shutter (MS) (Uniblitz, Rochester, NY) that opens its aperture for 100
ms, therefore allowing only one laser pulse pass through it. Simultaneously, the signal out of the SG is
divided and also sent to trigger the CCD whose exposure time was set to 100 ms. This exposure time and

the long-pass filter guarantee that only light from the probe pulse is captured by the CCD.

The pump laser beams for these experiments have a Gaussian intensity profile with 1/e* diameter

of 910 pm. The diameter of the pump and probe laser beams overfill the CCD field of view.
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Fig. 5.4. Experimental set up for time-resolved imaging (TRI) of melanoma cells. Lasers Nd:YAG 1 as
pump (A=355 or 532 nm) and Nd:YAG 2 as probe (A=1064 nm) are externally triggered and synchronized
by delay generator (DG) at 10 Hz repetition rate. Second or third harmonic from Nd:YAG 1 laser is
released to the sample inserting or removing removable mirror (RM). Mechanical shutter (MS) and CCD
camera are triggered by a signal generator (SG); both, MS and CCD camera’s shutter are open for 100 ms
to ensure that only one pump and one probe pulses irradiate the sample and get to the camera respectively,
when the lasers are triggered at 10Hz repetition rate.

Results

Cell damage determination
Figure 5.5 shows the normalized cell survival of melanoma cells as a function of the average

fluence of the 4 laser pulses incident on each sample at 532 and 355 nm wavelengths. Cell survival is

calculated according to

C Nundamaged (5 1 )

+N

N

damaged undamaged

where C is cell survival, Nyugamagea 1S the number of undamaged cells and Nggmages 1S the number of

damaged cells. The denominator in equation 5.1, the sum of Nyudamagea aNd Nggmagea, 15 the total number of
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cells per well, not the total number of irradiated cells. Cell survival of irradiated samples was normalized

with respect to the average cell survival of control samples, which were not irradiated at all.

In the range of laser fluences used for photoacoustic detection of melanoma cells in suspension,
we found that the amount of undamaged cells decreases by 40% and 50% for the 532 nm and 355 nm
wavelengths with increasing fluence, respectively. The decay of cell survival at both wavelengths is
described by exponential curves. The slopes of both curves were found to have significant difference when
compared through nonlinear, one phase exponential decay fit with p<0.0001 using GraphPad Prism v.5.00.
Nevertheless, for the highest fluences, cell survival tends to be the same value at both wavelengths; this

means that for such high fluences, the higher absorption for the shorter wavelength is no longer important.
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Fig. 5.5. Normalized cell survival of melanoma cells irradiated with 6 ns laser pulses with A= 355 and 532
nm. Significant difference was found in the curves for both wavelengths according to statistical analysis
with p < 0.0001. Cell survival was normalized according to equation 2 (see body of the text), where the
total number of the cells in the sample, and not only cells reached by laser, contributed to the calculation.
Each data point is the average of 5 measurements with its corresponding error bars.
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Melanin leakage determination
Figure 5.6 shows absorbance values of the resulting mixture of PBS and melanin when human

pigmented melanoma cells were irradiated. Data is shown normalized with respect to the average of the
resulting mixture absorbance of control samples. It is plausible that the large dispersion of data is due to
the variable amount of melanin contained in melanoma cells, just as it is for melanosomes [9]. However, it
is evident that PBS absorbance increases with increasing laser fluence, suggesting that plasma membrane is

being damaged by the laser pulse and thus melanin is leaking from the cell.
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Fig. 5.6. Normalized PBS absorbance as a function of laser fluence. Absorbance was measured using a
nanodrop spectrophotometer with A=220 nm. Laser irradiation was carried out at A = 355 and 532 nm. Data
normalization was done with respect to the average of data points obtained with control samples (fluence =
0).

Comparison of photoacoustic signals for 2 = 355 and 532 nm
Figure 5.7 shows the integrated pressure generated by the laser-cell interaction as a function of

laser fluence for both wavelengths tested. Each data point is the result of averaging 5 sets of data acquired;
each data set is the average of 16 laser shots. As expected, the integrated pressure increases with fluence for

both wavelengths. However, the dependence of the integrated pressure on wavelength is not obvious at first
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sight; therefore, a two-way ANOVA was performed (with a=0.05) twice: first by considering the whole

data up to 1 J/em® and, second, by only considering fluences up to 0.6 J/cm®.

The resulting p values from the first two-way ANOVA for the two individual factors in the
experiment (wavelength and fluence) are 0.9942 and <0.0001, respectively, whereas the p value for the
interaction between them is 0.0011. Such p values indicate that while the fluence and the interaction
between fluence and wavelength are statistically significant for predicting the integrated pressure, the
wavelength by itself is unimportant. In contrast, for the second ANOVA, the p values were 0.007 and <
0.0001 for wavelength and fluence, respectively, whereas for the interaction of both the p value was
0.2737, meaning that both fluence and wavelength are statistically significant for the integrated pressure

prediction, whereas the interaction between them is not.
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Fig. 5.7. Comparison of photoacoustic signal for A=532 nm and A=355 nm as a function of fluence.
Wavelength was found to be a variable with no statistically significance to the integrated pressure obtained.
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Time-resolved imaging of melanoma cells

TRI allowed imaging melanoma cells a few nanoseconds right after its interaction with the pump
laser pulse. Fig. 5.8 shows images taken: (A) before, (B) 50 ns after melanoma cells were irradiated using a
6 ns laser pulse with fluence of 0.3 J/em® at A=355 nm. (B) shows the melanoma cell when “boiling”

bubbles are being formed within the cell.

Fig. 5.8. Time-resolved imaging of melanoma cells (A) before and (B) 50 ns after a single, 6 ns laser pulse,
A=355 nm, 0.3 J/cm® was delivered to cells. Arrows in part A show undamaged cells before laser exposure;
arrows in part B clearly show cells where microbubbles were induced by the laser pulse.

Figure 5.9 shows images (A) before, (B) 50 ns after irradiation using a 6 ns laser pulse with
fluence of 0.65 J/cm® at A=532 nm. Arrows in Fig. 8A show the melanoma cells without damage prior to
laser exposure. Arrows in Figure 8B show the same cells post laser exposure when the plasma membrane
has been obviously damaged. These results show solid evidence of plasma membrane damage after

irradiation with 6 ns laser pulses for both laser wavelengths.
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Fig. 5.9. Time-resolved imaging of melanoma cells (A) before and (B) 50 ns after a single, 6 ns laser pulse,
A=532 nm, 0.65 J/cm® was delivered to cells. Arrows in part A show undamaged cells by laser exposure,
arrows in part B clearly show cells that where the plasma membrane was totally destroyed by microbubbles
induced by the laser pulse.

Discussion
Our results show that the amount of undamaged cells after laser irradiation decreases from 40 to

50 % in an exponential decay as a function of delivered fluence. At A=355 nm, the amount of cells that
survive laser irradiation did not decrease further for fluences higher than 0.35 J/cm?, while at 532 nm the
amount of undamaged cells does not decrease for fluences higher than 1 J/cm®. It is worth to notice that for
the higher fluences cell survival tends to the same value. For such fluences, the error bars for both
wavelelengths in Fig. 5.5 overlap. The reason for this is because four pulses were delivered to each sample,
but the samples were displaced after each pulse, so any given region within the sample received only one
pulse and adjacent regions may have not been reached directly by the laser beam. Therefore, the fact that
the amount of undamaged cells did not change after certain fluence indicates that all the cells reached by
pulses at or above such fluence were killed. It should be mentioned here that all the cells in the sample
contributed to calculate the cell survival percentage. A very similar curve was obtained irradiating mouse
melanoma cells (B-16) with 40 ns laser pulses at 694 nm in a previous study, although their methodology
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for laser irradiation and assessing cell survival was different [13]. It is worth noting that in this study, we
use shorter laser pulses and wavelengths. Therefore, it is reasonable to expect stronger laser-melanosomes

thermomechanical interactions.

In a related study where single blast-transformed lymphocytes were irradiated with a similar laser
pulse duration than in our experiments, the authors tested three different methods to detect damaged cells
[22]. They found differences in the amount of cells damaged by pulses of the same energy, suggesting that
some cells of the same kind are more susceptible to laser damage than others. This may be a plausible
explanation for our experiments too since we observed as much as 20% variation in damage for the same

laser fluence and wavelength.

Measurements of absorbance of the mixture of melanin and PBS (Fig. 5.5) showed that its
absorbance increased as laser fluence increased. We observed up to a 4-fold increase in the PBS absorbance
for the higher fluences tested with respect to the control samples. Data obtained showed large dispersion
due to the inherent variability of melanin contained in melanoma cells, just as it is for melanosomes [9]. It
was not possible to establish a dependence of melanin and PBS mixture absorbance with the wavelength
used to irradiate the cells, meaning that both wavelengths damage the cells and melanin consequently leaks
from them. None of the previous studies about interactions of pigmented melanoma cells or RPE with Q-
switched nanosecond laser pulses reported melanin concentration in the cell culturing/PBS medium post

laser irradiation.

Data of integrated pressure as a function of fluence up to 0.6 J/cm® in Fig. 5.7 indicates that the
355 nm wavelength offers an advantage to maximize the SNR compared with the 532 nm, as expected due
to the 4-fold increment in the melanin absorption coefficient at that wavelength. This is in agreement with
the information provided in Fig. 5, where cell survival up to that wavelength is clearly higher for 532 nm as

compared to the 355 nm.

The cross over of the integrated pressure in Fig. 5.7 for fluences higher than 0.6 J/cm® can be

attributed to the fact that the total number of cells reached by the laser pulse are damaged at 355 nm,
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whereas there are still undamaged cells reached by laser at 532 nm, as shown in Fig. 5.5. The integrated
pressure measured in these experiments has two components, the photoacoustic pressure resulting from
thermoelastic expansion of the melanosomes within melanoma cells and the pressure originated by the so
called “giant photoacoustic effect” resulting from bubble formation around laser-heated particles. This
effect has been reported before [23,24] and the references therein. The pressure resulting from the giant
photoacoustic effect has been proven to be higher than that from thermoelastic expansion of heated

particles [23].

Stress confinement conditions are met when the laser pulse is shorter than the acoustic
characteristic time and therefore the energy cannot propagate mechanically out of the interaction volume. A
theoretical model proposed by Oraevsky [25] calculates the pressure radiated due to thermoelastic
expansion of a melanosome under such conditions. The pressure amplitude is determined by the rate of

thermal energy deposition.

_ 3 Eabsﬁcs (52)
ler c,r,R7,

where E,, is the absorbed energy that can be calculated as the product of the absorption coefficient, the
laser fluence and interaction volume; S, r, and c; are the volumetric expansion coefficient, radius and speed
of sound of the melanosome, respectively, R is the distance from the melanosome surface, and 7, is the laser
pulse duration. For a melanosome 1 pm in diameter, the acoustic characteristic time is 0.7 ns, one order of
magnitude shorter than the 6 ns laser pulses used for these experiments and therefore stress confinement
conditions are not met. Both, thermal expansion coefficient and speed of sound in melanosomes are

unknown and data from some polymers are used for this model [15].

For the simplest case in these experiments, for a melanosome positioned at the surface of the

scattering disk, the pressure radiated as a function of laser fluence varies by a factor of four from the 355
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nm to the 532 nm wavelengths. Figure 5.10 shows a qualitative comparison of the theoretical model with
the experimental data in Figure 5.7. The inset shows the results from the model while the main figure
shows the experimental results. Only a qualitative comparison is valid since the units of the experimental
data are volts*seconds whereas the resulting units from equation 5.2 are Pascals. The model agrees well
with the experimental data for fluences lower than 0.6 J/cm®. The pressure for both wavelengths increases
linearly with laser fluence, being the pressure for 355 nm higher than that of 532 due to the four-fold
difference in the absorption coefficient of melanin at the first wavelength with respect to the second. This is
a regime in which the pressure due to the thermoelastic expansion of the melanosomes is dominant over the
pressure radiated by the bubble expansion. For fluences higher than 0.6 J/cm®, pressure from bubble
expansion, described as the ‘“giant photoacoustic” effect previously mentioned, is dominant over

thermoelastic expansion.
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Fig. 5.10. Qualitative comparison of experimental data (main figure) with results from theoretical model in
equation 5.2 (inset figure). Reasonable agreement between the model and experiments for fluences lower
than 0.6 J/cm” is observed. Both curves increase linearly with fluence.
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There could be various mechanisms that damage cells due to laser irradiation with a few
nanosecond-long laser pulses. Temperature increment within CMC due to linear absorption of laser light by
melanosomes can be calculated under thermal confinement conditions, when the optical absorption

coefficient is well known [26].

#F 63

Where AT is temperature increment, u, is the optical absorption coefficient of melanosomes at the
irradiation laser wavelength, F is fluence or radiant exposure, and p and C, are density and specific heat at
constant pressure of CMC, respectively. As the different absorbers within a cell are of submicron scale
(melanosomes containing melanin, in our case), thermal confinement conditions require the pulse duration

to be shorter than the thermal relaxation time, defined as [22,27]

pE (5.4)

where 7 is thermal relaxation time, d is characteristic length and a is thermal diffusivity. For a melanosome
1 um in diameter [16] and thermal diffusivity of 1.37x107 m%/s [28], relaxation time is 7.3 ps, which is
three orders of magnitude longer than our 6 ns laser pulses; thus thermal confinement conditions are
fulfilled in our experiments. Although some authors provide other definitions of thermal relaxation time
[18,29], with the melanosome size and thermal diffusivity presented here, the thermal relaxation time is
two orders of magnitude longer than the laser pulses used for these experiments. Even though more
complex theoretical heat transfer models have been developed to study radial and temporal temperature
distributions surrounding laser irradiated absorbing microspheres [14,17-19,26], the approximation

provided by equation (5.3) is valid for the purposes of the current study.

Thermal denaturation of biomolecules in the cell may also be another mechanism of cell damage.

Protein denaturation kinetics has been studied within a time resolution of several hundred of
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microseconds.[29] For thermal denaturation, an extrapolation of the Arrhenius equation leads to
denaturation temperatures between 370 and 470 K for time range from pico- to nanoseconds. This
temperature range is well above the threshold for bubble formation around melanosomes; in other words,

like in the case studied here, it will be very difficult to kill cells thermally in the nanosecond time regime.

The most likely damage mechanism for the case studied herein is expansion of laser-induced
bubbles inside cells around melanosomes. Laser-induced bubbles without optical breakdown formation
have two possible formation mechanisms: boiling and/or cavitation [14,15,30,31]. As melanoma cells
contain a large amount of melanosomes (containing melanin), these serve as nucleation centers for bubble
formation. When bubbles around single melanosomes expand they merge forming larger bubbles that
disrupt the cell membrane as they expand. Boiling nucleation on melanosomes and absorbing beads has
been studied previously [14,15]. In these studies, experimental results show that the threshold fluence for
bubble formation decreases linearly with increasing ambient temperature for different laser pulse durations.
The authors extrapolated their data and showed that a bubble is formed around the melanosomes for 12 ns
pulse duration at 532 nm wavelength when a temperature of 136 + 23 °C is reached. Table 5.1 shows
calculations of the temperature increment calculated with Equation 5.2 for the lowest and highest fluences
used in our experiments, considering the thermal properties in [27] and the absorption coefficients of skin
melanosomes in [9] and not retina melanosomes. Our calculations show that the temperature increments
were well above the reported nucleation temperatures for the highest fluence, whereas with the combination
of lowest fluence and absorption coefficient, temperature increments were near and below nucleation

temperatures.
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Table 5.1. Temperature increment and properties of CMC
calculated according to Eq. 5.3. Properties of melanosome
extracted from indicated references.

A Reference Ra F AT
[nm] [em™] | [Jem?] K]
532 [9] 555 1.3 213

[9] 555 0.063 10
355 [9] 2268 0.912 610
[9] 2268 0.063 42

Another study reports detection of laser-induced bubbles in hemoglobin solution and in individual
red blood cells at temperatures as low as 30°C [26]. Other authors have experimentally studied bubble
formation at temperatures below 100°C in absorbing solutions, gels and soft tissues [30,31]. Under stress
confinement conditions, tensile stresses are responsible for a change of phase below 100°C, thereby
reducing the threshold fluence for bubble formation. Tensile stresses in those experiments are the result of
the material optical properties and experiment geometry, in which a compression wave experiments a
reflection with opposite sign becoming a tensile wave because of the acoustic mismatch at the boundary.
For a melanosome 1 pm in diameter and with acoustic velocity of water, the acoustic confinement time is
about 0.7 ns, which is one order of magnitude shorter than the pulse duration in these experiments;
however, if two melanoma cells 10 or 20 um in diameter contained a large amount of melanosomes and
were very close to one another, then an acoustic characteristic length in the order of the cell size can be
considered, and stress confinement conditions could be fulfilled. Although the complex geometry of the
interior of individual cells makes it difficult to affirm that this is the case herein, this mechanism for laser-
induced bubble formation inside cells has been proposed previously [26], and some of our data for low
fluence combined with the low absorption coefficient of melanosomes seem to suggest that this mechanism

is indeed plausible.

In the study where a similar experiment with melanocytes was carried out [32], the authors

reported that the cell was not “blown to pieces”’; unfortunately, they do not specify if they captured images
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for higher fluences where the cell was actually “blown to pieces”. In our case, it is evident that the cells
resulted being “blown to pieces” and therefore melanin leaked out the cell and diluted in the PBS solution,

which was determined with the nanodrop spectrophotometer.

There is evidence that UV and VIS radiation produce damage to subcellular structures via
photosensitization, a process in which a molecule absorbs light and produces reactive species that alter
cellular molecules and initiate cellular responses, e.g., apoptosis [33,34]. It was proven that when Rose
Bengal is used as photosensitizer, 532 nm light induces oxygen singlets, while 355 nm radiation induces
both oxygen singlets and highly reactive free radicals. Free radicals were found to damage membrane
functions more effectively than oxygen singlets [33]. Furthermore, for the 355 nm wavelength, melamoma
cells are more likely to go through a combination of photochemical decomposition biomolecules due to the
UV light [35] than the 532 nm wavelength. These biological and chemical mechanisms, along with a
stronger photothermal interaction of melanosomes with UV light may explain the differences in the cell

survival rate we observe at both wavelengths.

Long term effects on cell viability were not considered in this study as these are not significant for
the design of the CMC photoacoustic detection system and are beyond the scope of this investigation.
Further research with shorter time resolution is required to better understand the boiling phenomenon. The
required time resolution is possible by synchronizing the pump nanosecond laser pulse with a femtosecond

laser as a probe pulse.

Conclusions

Four main conclusion statements can be extracted from this study:

(1) There is statistically significant difference in the slope of the curve fit that indicates the amount of cells
that survived laser irradiation for both wavelengths. A=355 nm kills cells at a higher rate (vs fluence) than

A=532 nm.
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(2) There is statistically significant difference in the integrated pressure resulting from irradiation of
melanoma cells with both wavelengths up to 0.6 J/cm®, as expected due to the 4-fold increment in the
melanin absorption coefficient at A=355 nm with respect to A=532 nm[9]. For fluences higher than 0.6
J/em?®, the higher amount of damaged cells at 355 nm may be precluding appropriate photoacoustic
detection. Integrated pressure detected is the superposition of pressure due to thermoelastic expansion of

melanosomes and pressure resulting from the giant optoacoustic effect.

(3). The post-laser irradiation absorbance of the mixture of melanin and PBS increases equally for the two
wavelengths used in the experiments, which suggests that although the A=355 nm irradiation is killing cells

at a greater rate, melanin is leaking from them just as much as it does for A=532 nm irradiation.

(4) The main plasma membrane damage mechanism is microbubble formation within the cell, though it is
not linearly correlated to laser energy absorption only; thus, mechanisms other than laser light absorption
contribute to the plasma membrane damage. From a practical standpoint, A=355 nm wavelength does not

offer a much larger SNR of the photoacoustic signal with respect to A=532 nm.
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Appendix

This appendix provides a detailed guide of the most important materials and methods used while
the work presented in this thesis was done. It presents basically more details about the Materials and
Methods section of each chapter that are usually not reported in a thesis. When a new researcher comes to
the lab, he/she will find a quick reference on how to get started. Looking at the equipment manuals will

always be advised and encouraged.

Tissue models
Agar gels

Agar gels are excellent tissue models because its thermal properties are close to those of real
tissues due to its high water content; in addition, its mechanical and optical properties can be adjusted to

make a more realistic tissue model. Agar gels can be made with any geometry.

The most used concentration of agar gel was 2 gr. of agar powder (BD Biosciences 214530) in
100 mL of deionized water. It is important to use deionized water to avoid impurities in the gel. A hint to
make the gel successfully is to dilute the agar powder in an aliquot of the water when it is cold and bring
the rest of the water to a boil; once the water is boiling, pour the solution of agar powder and cold
deionized water into the boiling water and stir thoroughly until the whole gel solution boils, then remove
from heat source. Let the gel rest for a few minutes so the vapor bubbles disappear and the liquid gel looks

clear and clean. Then pour the liquid gel in a mold designed for the experiment and wait for it to gel.

The agar powder concentration can be adjusted to change the mechanical properties of the gel, but
in general it is difficult to make agar gels with concentration higher than 4 gr. of agar gel in 100 ml of

water.

Dyes
Water-soluble dyes will change the optical properties of the tissue models. The one used for this

work was Direct Red (Sigma-Aldrich, 195251). Its absorption coefficient spectrum is shown in Figure 4.1.
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Its absorption peak is around the green part of the spectrum. That is the reason for using green wavelengths
for selective treatment of vascular lesions. Figure A.1 shows a plot of absorption coefficient of Direct Red
in aqueous solution at A=532 nm as a function of dye concentration. These data were obtained using a

photospectrometer.
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Fig A.1 Absorption coefficient of Direct Red in aqueous solution at A=532 nm as a function of the dye
concentration. Linear fit equation is y=0.0564x+1.6945. Experimental data was acquired using a
photospectrometer.

Piezoelectric Transducers
The piezoelectric transducers used were made of Polyvinylidene Fluoride (PVDF) (Ktech,

Albuquerque, NM) which is a piezoelectric polymer. The transducer is made of three main components, the

piezoelectric film, the body and a BNC connector.

Electrical model
PVDF film is a piezoelectric material, it responds to the pressure on its surface with an electric
signal that can be read using an oscilloscope. An analysis of the signal provides with information about the

rate of change of the pressure with respect to time.
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The transducer can be electrically modeled as a current source in parallel with a capacitor and a
resistance. The capacitor is the intrinsic capacitance of the transducer, it can be directly measured with a
multimeter and it is usually in the order of nanofarads or even picofarads. The resistance is the equivalent
resistance of the internal resistance of the transducer and the load resistance in parallel. The first can also be
easily measured with a multimeter and the latter is the impedance used to connect the transducer to an

oscilloscope. Most digital oscilloscopes have two coupling impedances, 1M Q and 50 Q. Figure A.2 shows

)

the diagram of the equivalent electric circuit of a PVDF transducer.

Cp

R,

Fig A.2 Equivalent electric circuit of a PVDF transducer. It can be modeled as a current source in parallel
with a capacitor, internal resistance (both intrinsic) and a load resistance (either S0Q or 1 M Q).
The source current is proportional to the time derivative of the pressure exerted on the transducer

surface, so the circuit equation is given by

(A.1)
Cd_V+ L+l V:Bi(AP)
dt |\ R, R dt

where C is the transducer capacitance, Rp is the internal resistance and R is the load resistance, B is a
constant that depends on the manufacturing process. When dV/dt >> 1/RC, the electric signal from the
sensor V is proportional to the pressure fluctuation AP; when dV/dt<< 1/RC, the electric signal V is
proportional to the time derivative of the pressure fluctuation. The sensor was connected to a digital

oscilloscope through a 1IMQ impedance to ensure proportionality of voltage to pressure.
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Piezoelectric film preparation

The piezoelectric film is a 25 pm thick film aluminized on both sides. The sides of the film come
identified as positive and negative. It is necessary to etch the aluminum coating to make a defined pattern
of the active area of the sensor. The portion of aluminum coating that should not be removed must ensure
there is good electric contact to the electrodes that must be connected to the BNC connector. Electrical tape

is the best option to mask the portion of aluminum coating that must not be etched.

The etching process is done immersing the piece of film with the appropriate electrical tape mask
into a 0.3 molar solution of Iron Chloride (III) between 50 and 60 °C. Immerse the film for no more than 2
to 3 seconds stirring thoroughly to avoid overheating of the piezoelectric polymer and affecting its time
response. Double-check the etching process and repeat immersion if necessary. Usually no more than two

immersions are necessary.

Glue positive side of the film to the electrode connected to the positive side of the BNC using

cyanoacrylate, commercially known as Krazy glue and let it cure.

Calibration

As the PVDF films have been subject to some heat during the etching process, the D33
measurements from the manufacturer may not be entirely accurate. Also, other factors (especially those
related to induced charge) will affect actual sensitivity so the following procedure should be used to
determine the sensitivity of the PVDF sensor. The result will be in mV/bar, or voltage signal/ unit pressure.

Prepare several ( about 5) absorbing solutions made using deionized water and a photostable dye,
such as Direct Red. These solutions will be irradiated with a Q-switched laser to induce acoustic waves of
predictable pressure amplitude. Visually, these solutions in a 1 cm thick cuvette will be light to very dark.
Measure the absorption coefficient of the solutions at the laser wavelength using a spectrophotometer. The
second harmonic of the Nd:YAG which is 532 nm is a common wavelength highly absorbed by Direct Red.

The absorption coefficient will be equal to
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23034 (A2)

where A is the absorbance (measured on the spectrometer) and z is the thickness of the sample (cuvette
thickness).

Put one of the absorbing solutions on the PVDF transducer. An easy way to do this is by making a
small tub with a half inch inner diameter section of PVC piping that is cut in about a half inch length. Fix a
piece of celophane on one end with a rubber band so that you have made a little cup from the PVC and
celophane. The celophane bottom is used since its thickness is small compared to the acoustic wavlength.
Put some absorbing solution in the tub and place it on the PVDF. There should be a drop of water on the
PVDF to ensure acoustic coupling between the PVDF and the solution.

Irradiate the solution from above, like it is shown in Figure A.2 with the Q-switched laser. Ensure
that the radiant exposure is not greater than 0.03 J/ cm” or the acoustic generation will be nonlinear and the
analysis won’t work out.

The predicted pressure of the photoacoustic wave can be described as

10 (A2)

where p(0) is the peak pressure of the acoustic wave, I" is 0.12 at room temperature, and F is the radiant
exposure of the laser beam in J/ cm®. This pressure will be in bars. The calibration factor is the quotient of
the peak voltage by this pressure at this p, in Volts/bar.

Repeat this procedure for all Direct Red concentrations and perform a linear regression to

determine the calibration for this transducer.
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Fig A.3 Set up for calibrating the PVDF sensor. The PVC cuvette contains the Direct Red solutions.

Equivalent target plane system (ETP)
A CCD camera is used to capture the image of the focused beam on the target; this is done by

using an image relay system constituted by the microprocessing lens and the ETP lens shown in Fig. A.4.
The microprocessing lens is an aspheric lens that minimizes spherical aberrations with focal length of 6
mm; the ETP lens is a long focal length lens, 500 mm for example. The light that reflects backwards from
the surface of the sample is collected by the two lenses projecting an image of the beam waist on to the

CCD.

The beam waist image at the sample surface captured can be used to measure the beam waist using
image processing software, ImageJ for example, to latter calculate the laser fluence used for experiments. A

reference of the pixel size must be acquired positioning a reticule at the samples position and a white light
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source. It is important to ensure that the image in the CCD is not saturated using ND filters in front of the

CCD.

This image relay system provides two very useful features to the set up:

(1) It requires normal incidence to work so that the sample surface is always perpendicular to the
incident beam, and therefore, in the event of a transversal scan of the sample the beam waist of the focusing

light stays always at a constant distance from the surface.

(2) It allows fine positioning of the beam waist right on the surface of the sample, and hence at a
know depth within the layer, with a resolution of the order of the Rayleigh range of the focusing beam, and;
(3) the same image relay system allows to record movies of the bubble formation and evolution inside the

agar gel.

The light that reflects off the beam splitter (BS) goes to an energy monitor that must be previously
calibrated against an energy meter positioned at the samples position. As energy monitor a fast photodiode
connected to an oscilloscope measuring the peak-to-peak voltage or, in turn, another energy meter

connected to a computer can be used for data acquisition.
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Fig A.4 Schematic of ETP system

Time-resolved imaging system

Details on how to manipulate the remote controls of the laser systems are beyond the scope of this

appendix. The reader is encouraged to go over the manuals of each laser, available at the laboratory, to

become familiar with the operation of each laser system.

The requirement of the time-resolved imaging system (TRI) to work is to have a highly repetitive

phenomenon to study, as it is the case of plasma-induced bubbles in aqueous media.

The system works electronically synchronizing two Nd:YAG, Q-switched lasers by means of a
delay generator. One of the lasers is known as pump and is the one that drives that interaction between the
light and the material, in other words, is the one that produces the interaction to study. The second laser is

known as probe, and is the one that provides the illumination for imaging the interaction. Typically the
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energy of the laser pulses used as a probe must be kept as low as possible, say a few microjoules or less;
there are two reasons for that: first, it is desired to avoid any interaction of these laser pulses with the target,
and second, is because it is very easy to saturate the CCD and additional ND filters in front of the CCD

may be required. If possible, select the wavelength that is less absorbed by the material to be studied.

The idea is that a delay generator sends electronic pulses of the appropriate voltage and duration to
the external triggering ports in the power supplies of each laser to trigger each laser. By adjusting the
relative delay of the probe laser with respect to the pump laser, it is possible to acquire images with time

resolution in the order of the laser pulse duration.

Most of the times, the EKSPLA laser was used as probe since it incorporates the Optical
Parametric Oscillator (OPO), which allows to change the wavelength of the probe laser pulse, and the
Quantel laser with the second harmonic unit as a pump. Each laser has different external triggering
requirements. The Quantel laser requires that both, the flash lamp and the Q-switch are triggered by
independent electronic pulses; the relative delay between these pulses that produces the maximum energy
out of the laser is 167 ps. The EKSPLA laser requires that a single electronic pulse to be triggered
externally; the rise edge of the pulse triggers the flashlamp, while the fall edge triggers the Q-switch, a
pulse duration of 300 ps gives the maximum energy out of the laser. Both lasers must be triggered at 10 Hz.
The delay generator available at the lab, BNC 555, has 4 channels. For convenience, channels A and B
were used to trigger the flashlamp and the Q-switch of the Quantel laser, while channel C was used to
trigger the EKSPLA laser. Channel D was used to trigger a CCD camera for experiments where a single

laser pulse was nor required.

Experiments where a single pump laser pulses are required, like those in Chapter 5 about time-
resolved imaging of intracell-laser pulse interactions, are possible incorporating a mechanical shutter in the
pump beam path. While the laser pulses are triggered at 10 Hz, that is a laser pulse each 100 ms, the shutter
is open for only 100 ms to ensure that only one laser pulse goes through, while the latter laser pulses are

blocked by the shutter. The shutter is open for 100 ms when it is externally triggered with a function
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generator that sends a single TTL pulse 100 ms long. The same TTL pulse should be sent to the CCD
camera and allow the camera’s exposure to be at least 100 ms. With this configuration, the user can
randomly trigger the TTL that goes to the shutter (and CCD camera) allowing a single laser pulse be
delivered to the target. The down side of this methodology is that, if the pump beam is high energy, it is

necessary to immediately block the pump beam as it damages the shutter.
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