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ABSTRACT
An abstract of the dissertation of HanQun Shangguan for the Doctor of Philos-

ophy in Electrical and Computer Engineering presented November 15, 1996.

Title: Local Drug Delivery with Microsecond Laser Pulses: In wvitro Studies

Photomechanical drug delivery is a technique for localized drug delivery using
laser-induced hydrodynamic pressure following cavitation bubble expansion and
collapse. This dissertation presents in wvitro studies of photomechanical drug
delivery. The main goals were investigate the possibility of photomechanical drug
delivery as a new means of localized drug delivery to thrombus for enhancement
of laser thrombolysis and to address some of the questions regarding the physical
processes during photomechanical drug delivery.

A parametric study was performed to characterize laser-induced cavitation
phenomena that take place in absorbing liquids or on soft targets using time-
resolved flash photography, high-speed shadowgraphy, particle image velocimetry.
The laser-induced cavitation bubble dynamics depended where the bubble was
formed. The bubble expansion and collapse could cause the surrounding flow
motion at a speed of up to 12 m/s. A theoretical model was used to estimate the
bubble volumes formed in absorbing liquids. This model assumed vaporization of

the entire disk of absorbing liquids under a delivery fiber, rather than vaporization



of a fraction of the disk. Good agreement was found between the model and
experimental results.

Photomechanical drug delivery into soft materials (gelatin or thrombus) were
studied using solutions of oil and dye or 1pum fluorescent microspheres. The
drug could be driven into thrombus several hundred micrometers and even few
millimeters in both axial and radial directions when the gelatin structures were
fractured. The results of using thrombus phantoms were comparable to those
obtained using porcine clots. The cavitation bubble formation is the governing
mechanism for photomechanical drug delivery.

The ablation process is profoundly affected by whether the optical fiber tip
is inside a catheter or is in contact with the thrombus when the laser light is
delivered through an optical fiber to the thrombus. The contact ablation ef-
ficiency of porcine clot was at least three times greater than the non-contact
ablation efficiency. The mass ablated was correlated with the expansion pres-
sure of the cavitation bubble. The fluorescent microspheres penetrated the mural
clot the same distance for both ablation methods. The kinetic energy generation

depended on the total delivered energy regardless of the light delivery methods.
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Chapter 1

Introduction

1.1 Motivation

Laser thrombolysis is an interventional procedure to remove thrombus (blood
clot) in occluded arteries using laser energy [1]. One concern for laser thromboly-
sis is the mural thrombus left after the laser thrombolysis procedure, which may
be a potential limitation for this therapy. The research presented in this disser-
tation was initially motivated by the need for methods to enhance the efficacy
and rate of laser thrombolysis.

It was proposed that localized pressure transients generated through laser-
induced cavitation or vapor bubble formation may be used to drive drugs into
thrombi or vessel walls for the enhancement of laser thrombolysis. The local-
ized delivery of fibrinolytic drugs would be of particular value in enhancing laser
thrombolysis in cases with large volumes of thrombus in large vessels such as

bypass grafts or peripheral vessels. This potential therapy was initially termed



photoacoustic drug delivery [2]. It was changed to photomechanical drug deliv-
ery during the course of this study for three reasons. First, this study showed
that the drug was most likely driven by photomechanical effects associated with
hydrodynamic flows accompanying bubble expansion and collapse. Second, pho-
tomechanical drug delivery should be differentiated from therapies that are actu-
ally mediated by acoustic events (laser-induced shockwaves). Third, the acoustic
events rapidly propagate through the medium and there is essentially no drug
movement during this short time.

In vitro studies would provide basic parameters required before the feasibility,
efficacy, and safety of photomechanical drug delivery can be studied in animal
and human trials. This research addresses some of the questions regarding the
physical processes during photomechanical drug delivery. Knowledge of the basic
science involved in these processes is important for understanding photomechan-
ical drug delivery and may make it possible to specify optimal laser parameters

for the design of the laser and localized drug delivery systems.

1.2 Research Goals

The global goal of this research is to investigate the possibility of photome-
chanical drug delivery as a new means of localized drug delivery to thrombus.
More specifically, the goals of this research can be divided into three broad cate-

gories: First, to characterize laser-induced cavitation phenomena that take place



during photomechanical drug delivery. Next, to identify the mechanisms of pho-
tomechanical drug delivery. Finally, to study the effects of contact and non-
contact delivery on laser thrombolysis, drug delivery, and kinetic energy genera-
tion. To eliminate the biological variation of real thrombus, most experimental
work presented here is done on gelatin-based thrombus models. The process
of photomechanical drug delivery is studied experimentally and the results are

related to theoretical concepts.

1.3 Outline

Following this introduction, this manuscript includes nine chapters. Each
chapter deals with a different topic and is relatively independent from others.
Most of the chapters have been partially published or presented at conferences
[2-10]. They are written in a sequence starting with the background of this study,
basic investigations of laser-induced cavitation events, and then applicabilities of
these cavitation effects on localized drug delivery. Many supporting experiments
have been performed.

Chapter 2 provides a historical background on current therapies for thrombo-
sis in vascular systems and its limitations. A potential therapy—photomechanical
drug delivery is introduced.

The topics on characterization of cavitation phenomena that take place in
liquids and on soft targets are presented in Chapters 3-5. The experiments are

done in a parametric way, where the parameters are the absorption coefficient,



radiant exposure, and the effects of material and boundaries. Several photogra-
phy techniques such as time-resolved flash photography, high-speed photography,
and particle image velocimetry are used for visualizing the cavitation events, and
laser-induced acoustic pressure waves were measured using an acoustic trans-
ducer.

Chapters 6 and 7 describe a series of experiments for investigating the possi-
bility of photomechanical drug delivery as a new means of localized drug delivery
to thrombus. Solutions of oil-dye and 1 pum fluorescent spheres are used as drug
models. The presence of the dye or the spheres in the thrombus phantoms sim-
ulates the photomechanically delivered drug in thrombus. These studies have
provided the proof of principle of photomechanical drug delivery as a new means
of localized drug delivery to thrombus.

The effects of contact and non-contact delivery on laser thrombolysis, drug
delivery, and kinetic energy generation are described in Chapters 8 and 9. The
results demonstrate that the ablation process is profoundly affected by these two
modalities, which should be taken into consideration in clinical applications.

Chapter 10 summarizes the most important observations, conclusions, and
implications regarding the mechanisms involved in the process of photomechanical

drug delivery.



Chapter 2

Background

2.1 The Clinical Problems

Blood clotting is an essential protective mechanism that can prevent external
and internal bleeding. However, in certain circumstances this normal homeostatic
defense may be exaggerated so that unwanted clotting occurs in vivo [11]. Throm-
bosis and embolism within the cardiovascular system may be life-threatening and
cause cardiovascular diseases such as heart attacks and strokes. For example,
when a blood clot (thrombus) suddenly develops in one of the heart’s arteries,
cutting off blood flow and oxygen to part of the heart, a heart attack (myocardial
infarction) occurs. Permanent damage to the heart muscle begins within minutes
of arterial closure. If a clot forms in a narrowed brain vessel or if emboli (frag-
ments of plaque or blood clots) that break off from the places where they form
flow downstream where they plug smaller arteries, a stroke will be initiated. The
term “stroke” is used to describe a number of brain disorders with the common

feature of an abnormality of the brain’s vasculature. Usually, strokes are focal



areas of brain damage, some only a few millimeters in diameter, some destroying
a whole hemisphere of the brain.

Heart attack, caused by blood clots in coronary arteries, is the most common
cause of death in the United States. Over 1.5 million people suffer from heart
attacks annually and approximately 500,000 will die as a consequences [12,13].
Stroke, brain attack, ranks close behind heart disease and cancer as a leading killer
(approximately 200,000 deaths yearly) and leads all other diseases in disabling
Americans [11].

Blood clot formation is a fundamental problem in many other life threatening
conditions, and the unwanted clotting can occur in any diseased arteries or veins
and even healthy vessels as well. The fatal occlusions can cut off the blood supply
to vital organs and stop their functions. The importance of thromboembolic
disorders as a major cause of morbidity and mortality has been gaining attention

in the past two decades [11].

2.2 Current Therapies

The best medicine for vascular diseases is often a change in behavior. A
healthy lifestyle is the first line of defense against vascular diseases. Controlling
blood pressure, lowering the level of cholesterol in the blood, and quitting smoking
can significantly increase the odds of preventing the diseases or at least reduce
the progression of the diseases. But for some people the risk of vascular diseases
is already too high. The arteries that supply blood to some vital organs have

become clogged with plaque and special treatments are necessary.



Thrombolytic therapy intends to restore circulation through a previously oc-
cluded vessel by injecting clot-dissolving drugs such as streptokinase and uroki-
nase. All the thrombolytic agents currently in use or under development act
directly or indirectly as plasminogen activators [14]. Basically, these drugs con-
vert plasminogen to plasmin. Plasmin proteolytically degrades the fibrin of the
blood clot leading to thrombolysis. However, all these drugs can cause severe
bleeding complications and strokes, and almost half the time the drugs fail to
dissolve the clot. Medication provides another option to try to prevent clots from
forming within the arteries or keep clots from enlarging. Antiplatelet medications
such as aspirin suppress the platelets in blood that initiate clotting. But they
are not effective, except in special circumstances.

An interventional procedure called balloon angioplasty (e.g., percutaneous
transluminal coronary angioplasty-PTCA) has become an accepted therapeutic
option for the treatment of obstructive vascular disease. No surgery is necessary,
and only a local anesthetic is used. In balloon angioplasty, a balloon at the site
of stenosis is inflated to stretch the narrowed artery. Unfortunately, this over-
stretching induces mechanical injuries to the vessel wall such as intimal flaps and
dissection, and results in restenosis of vascular lesion, i.e., the blockage recurs.
A repeat angioplasty is needed. Recent studies describe restenosis rates ranging
from 30% to 40% within six months of the procedure [15]. The process of resteno-
sis following vascular injury may also serve as a paradigm for atherosclerosis (the
buildup of fat within the lining of an artery). Additionally, the potential for

abrupt thrombotic closure in balloon angioplasty can not be ruled out [16,17].



Surgery can be used to remove plaque that always initiates thrombosis or to
bypass the blockages via an added vein or other graft to reroute the blood when
previous treatments fail. The surgery, however, requires general anesthesia and
incision through normal tissue to reach the lesion. After five to ten years, the
bypass may even be clotted due to the atherosclerosis.

Many studies [1] have explored the potential use of laser energy to remove
thrombus since the first study of using laser to remove intravascular thrombus
and the effects of laser irradiation on human thrombus in vitro was reported by
Lee et al. in 1983 [18]. The early studies of laser thrombolysis used continuous-
wave argon laser light (wavelength of 454 and 514 nm) delivered via cleaved fiber
tips to vaporize thrombus or recanalize thrombosed coronary arteries [18-20].
Despite the potential to remove the thrombus, clinical applicability was limited
by the thermal effect of continuous-wave lasers with resultant extensive ther-
mal injury to adjacent normal tissue, and mechanical dissection and perforation
caused by the sharp profile of the cleaved fibers. Most attempts to achieve laser
thrombolysis with continuous-wave lasers were abandoned because of the massive
thermal injury [1], although many efforts have been made to improve the light
delivery devices [21-26]. Furthermore, a study by Douek et al. suggested that
the thermal injury can accelerate intimal hyperplasia [27].

To reduce the thermal effects, pulsed lasers were introduced because the zone
of thermal damage can be minimized if the laser pulse duration is less than the
thermal relaxation time of the initially laser-heated layer of tissue [28,29]. This is

the time for heat to diffuse out of the irradiated volume and is determined by the



thermal diffusivity of the tissue and the dimensions of the volume. The thermal
relaxation time for most vascular structures is of the order of millisecond, so lasers
with pulse duration < 1ms are likely to produce little thermal injury to adjacent
tissues [30,31]. Pulsed lasers emitting light at ultraviolet (190-400 nm) [32-36],
visible (400-600 nm) [1,37-41], and mid-infrared (1.4-3.0 um) [42-44] wavelengths
have been used in investigations of both angioplasty and thrombolysis. More
specifically, the most notable lasers in the medical field are now the excimer:
ArF (wavelength 193 nm, pulse duration ~10ns) and XeCl (308 nm, 100-200 ns),
the pulsed-dye (400-600nm, 1-2 us), the Thulium:YAG (2.01 pm, 250 us), the
Holmium:YAG (2.12 pm, 250 ps), and the Erbium:YAG (2.94 pm, 200 us) lasers.

A study by Rosenfield et al. reported that successful thrombus dissolution was
observed in each of six patients by use of an excimer laser angioplasty system
emitting 308 nm light with 100-200ns pulse duration without embolization or
other adverse events [45]. However, Estella and colleagues reported conflicting
results using the same laser and optical delivery systems at a similar energy
level [46]. The refinement of the excimer laser, light delivery, and case selection
may improve the safety and efficacy of the excimer laser thrombolysis since the
current systems are configured to treat atherosclerotic plaque.

The excimer laser theoretically could precisely ablate clots similar to that
demonstrated in polymers [47] and atherosclerotic tissues [31,32] because ultra-
violet light at 308 nm is strongly absorbed by the tissue protein in the clot; the
penetration depth is ~30 um or less. Somewhat contrary to these expectations

is the fact that explosive vaporization of hemoglobin was observed [48]. Thus,
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the ablation event of pulsed laser differs from previous continuous-wave ablation
studies. More efficient removal of thrombus could be achieved because of the
cavitation events induced by explosive vaporization than by simple vaporization
alone.

Holmium /thulium:YAG lasers emitting a wavelength of 2.1 um light have been
successful for arterial recanalization in selected patients [43,49]. For clinical use,
the major advantages of 2.1 ym radiation over ultraviolet excimer laser radiation
are: 1) Infrared radiation doesn’t produce known mutagenic or carcinogenic ef-
fects [50]. 2) The solid-state holmium/thulium:YAG laser system is smaller, less
expensive, and easier to operate than the excimer laser system. Water has a
prominent absorption peak near 2.1 um, and the penetration depth of holmium
laser radiation for tissue typically containing 70% water is ~300 pm.

The clinical holmium laser is configured to emit light at 2.1 um with a pulse
duration of 250 us in the free running mode. Laser energy is delivered by a mul-
tifiber laser catheter with a diameter of 1.4-1.7mm. The clinical trials of the
holmium laser thrombolysis were promising. One study by Topaz et al. revealed
residual stenosis < 30%, adequate thrombolysis, and no acute adverse procedural
complications in each patient after delivering 53-164 pulses at an energy of 250—
600 mJ and a pulse repetition rate of 5 Hz, and balloon angioplasty as a follow-up
procedure [49]. However, the effects of stress waves and cavitation bubbles have
been shown to induce damage to adjacent tissue [48,51]. Formation of thrombotic
occlusions during holmium laser angioplasty was also observed [52]. Another po-

tential limitation may be the poor selectivity of holmium laser ablation, because
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the holmium laser is strongly absorbed by water, whereas water is present in
roughly the same proportions in all tissues. Therefore, the holmium laser can
not discriminate between the normal tissues and the thrombus, so that both
perforations and dissections may occur due to inadvertent ablation of arterial
wall.

To achieve the goal of removing the thrombus with laser energy and reducing
the possibility of damaging the adjacent normal tissue, selectively targeting the
thrombus is desirable. LaMuraglia et al. reported that the absorption coefficient
for thrombus is more than ten times greater than that for arterial tissue in the
400-600 nm wavelength [53]. The differing absorption properties of thrombus
and arterial tissue afford a degree of selective laser ablation since less energy is
needed to ablate the thrombus than that needed to ablate the artery. Thus, laser
radiation at visible wavelengths could be used to selectively and safely remove
thrombus or emboli at radiant exposures between the thresholds for arterial tissue
and thrombus. Gregory et al. successfully applied this concept for selective laser
thrombolysis of coronary artery thrombi in 18 patients [54]. A pulsed dye laser
emitting light at 480nm in 1 us duration pulses was used at an energy of 60—
75mJ per pulse and a repetition rate of 3 Hz. Laser energy was delivered through
a unique fluid-core catheter, which allowed delivery of light while washing away
ambient blood and fluoroscopic monitoring of the establishment of vessel patency
during the procedure due to the use of a radiographic contrast as the optical core
fluid [55]. Effective thrombus removal has been achieved in 16 of the 18 patients

and improved coronary flow following delivery of 240-600 laser pulses.
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Unfortunately, the current techniques of completely removing a large throm-
bus burden in arteries are limited. Any mural clot left behind will be a potential
stimulus for reocclusion of the arteries. It is very difficult to precisely control its
position within a vessel once the catheter is inserted into clots, and the catheter
most likely retraces its first path as multiple manipulations of the catheter are
required, so there a mural clot is always left. Another potential disadvantage
of laser thrombolysis is the difficulty of removing the clot that posses adequate
fibrin content. It will be problematic if clear fibrin can not be removed along with
the red blood. More laser energy is needed to ablate the clear fibrin after the
red blood is removed since the absorption of red blood is much higher than that
of the clear fibrin. It is likely that the perforation and dissection of the artery
would occur if laser energy above the ablation threshold of normal tissue is used
to completely remove the clot.

Despite the limitations mentioned above, laser thrombolysis has emerged as
a promising method for thrombus removal [56] since the ability to deliver laser
energy to arteries through optical fibers offers the possibility of unclogging ob-
structed arteries without the trauma or general anesthesia. Furthermore, laser
thrombolysis may be an alternative therapy for some vascular diseases such as
coronary bypass graft thrombosis and stroke, in which no other effective therapies
are avaliable [57]. It is desirable, therefore, to develop new techniques to enhance
the laser thrombolysis.

My hypothesis was that the combination of laser thrombolysis and localized
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intramural delivery of clot-dissolving drugs during the procedure may be a so-
lution to these limitations. More specifically, the majority of clots is removed
during laser thrombolysis, whereas the mural clot left can be dissolved by the

drugs delivered during the procedure.

2.3 Local Drug Delivery

The possibility of increasing thrombolysis without causing bleeding has mo-
tivated efforts to locally deliver drug with a very high concentration as quickly
as possible and to maintain a high level long enough to affect dissolution of the
thrombus but short enough to limit the likelihood of bleeding. There are several
potential advantages of local drug delivery over systemic drug delivery. First,
local delivery may achieve high local concentrations of drug, even of agents that
are rapidly degraded when administered systemically. Second, unwanted systemic
effects can be minimized by concentrating the drug at the target site. Finally,
it is possible to increase the penetration of delivered drug compared with sys-
temic delivery by passive diffusion from the blood stream. Current approaches
for localized drug delivery fall into three broad categories: affinity-based, locally-
activated, and pressure-based delivery.

Affinity-based drug delivery uses an agent with its greatest binding affinity
for fibrin or thrombus to achieve selective thrombolysis [58]. The drug is intra-
venously administered and then localized to the thrombus due to the specific
affinity. However, this technique is limited by the long infusion time and the risk

of producing a systemic fibrinolytic state [59-61]. Locally-activated drug delivery
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uses an inert agent that is delivered systemically, but becomes locally activated
through administration of delivered light or activating agents. One typical exam-
ple of this second method is photochemotherapy of intimal hyperplasia in which
a photoactive drug (psoralen) is administered and activated with ultraviolet light
(e.g., 365nm) [62]. The risk of side-effects due to systemic administration of drug
can not be ruled out at high concentration, e.g., incidentally exposing to light
can cause bleeding complications.

Pressure-based delivery uses static pressure to drive drugs into thrombus
through balloon-based catheters. To deliver a thrombolytic agent onto or even
into a thrombus after guide-wire penetration is most appropriate for treatment of
downstream arterial occlusions, since the offending thrombus is usually localized
to a single vessel, and catheterization for angiographic diagnosis provides ready
access to the site of occlusion. Several designs of local delivery balloon catheters
have been investigated [63,64]. The double-balloon catheter was the first percu-
taneous drug delivery device [65]. Drug can be instilled through a small hole into
the chamber thus formed between the balloons by inflating two small balloons
in an artery. However, prolonged dwell times are required to achieve significant
drug levels by passive diffusion. This prolonged period of total occlusion may be
problematic when applied to coronary arteries due to distal myocardial ischemia.

The Wolinsky perforated-balloon catheter was designed to overcome some of
the limitations associated with the double-balloon. There are 300 holes 25 um
in size placed at center 12mm of 20 mm-long balloon. By inflating the balloon,

the drug is delivered into an adjacent vessel wall through the holes. A major
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disadvantage of this device is the potential for vascular trauma from the jets. For
example, one study revealed that only 5% of canine arteries treated with this
device er vivo had no apparent traumatic effect [66]. To minimize the trauma
induced by the perforated-balloon, a microporous balloon was developed [66].
This balloon material consist of a membrane with thousands of holes with a
diameter of < 1pum. The microporous membrane can reduce the jet effect and
substantially enhance the homogeneity of infusion, but the risk of arterial injury
due to the jet effect can not be ruled out [67].

Locally delivering urokinase, a clot-dissolving agent, directly to the angio-
plasty site to achieve intracoronary thrombolysis using urokinase-coated, hydro-
gel balloons was reported by Azrin et al. [68]. The high concentration of urokinase
resulted in enhanced local thrombolysis. However, this technique was limited by
the several factors: the limited amount of drug that can be absorbed by the
hydrogel polymer, wash-off of the drug from the balloon surface in the intact cir-
culation, and the short times of drug delivery required because of ischemia from
complete vessel occlusion.

To overcome these limitations associated with the catheters mentioned above,
a catheter called Dispatch catheter was developed and approved by the Food and
Drug Administration for intracoronary drug infusion [64]. This catheter consists
of an over-the-wire, nondilation device with a helical inflation coil on its distal
tip. With a spiral contour to the inflatable supporting struts, the areas between

these struts provide close spaces for drug infusion through a lumen distributing
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through five eccentrically placed ports. This catheter thus functions as a tem-
porary stent during drug delivery, allowing periods of infusion in excess of 30-60
minutes without clinical evidence of resultant myocardial ischemia. Recently,
Groh et al. used this type of catheter to treat two patients with threatened clo-
sure related to coronary dissection or acute closure with thrombus formation at a
site of recent dilation [69]. Good clinical outcomes were obtained after 4-hour lo-
calized infusion of urokinase at the site of dissection and extensive clot formation
respectively. Mitchel et al. also reported a successful study of enhanced intra-
coronary thrombolysis with urokinase using a similar catheter from the same
manufacturer [70]. However, the primary problems with the modified balloon
catheter designs are their cumbersome size and long inflation times required, as
well as the risk of medial injury occurring during the balloon inflation process,
thus potentially limiting the benefits of local drug delivery.

Ultrasound has been used to disrupt thrombi in the cardiovascular systems [71,
72]. The ultrasound was delivered through catheters to prevent damage to normal
tissue near the sites of occlusions. Some studies demonstrated that exposure of
whole blood clots in vitro to intermittent ultrasound combined with thrombolytic
agents (e.g., tissue-type plasminogen activator) caused a significant enhancement
of thrombolysis compared with the agents alone [73,74]. Although the mechanism
of this effect is unknown, it was hypothesized that fluid motion resulting from
ultrasound-induced cavitation accelerate fibrinolysis by promoting the transport
of activators and plasminogen to their target sites on fibrin within the clot [75].

The ultrasound approach to accelerate thrombolysis process is effective, but it
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may not be feasible in many clinical situations where small vessels (e.g., brain

vessels) are involved due to the less flexible and larger ultrasound probe.
Therefore, there is a challenge in the development of a new technique for local

drug delivery that can deliver sufficient drugs to the site of interest in arteries

without significant injury or systemic effect.

2.4 Photomechanical Drug Delivery

One observation by Dr. Gregory and his colleagues at Oregon Medical Laser
Center suggested that the hydrodynamic pressure due to laser-induced cavitation
events (e.g., the expansion and collapse of cavitation bubbles) may be used as a
driving force to deliver drug into clot and vessel wall. During laser thrombolysis,
laser pulses from a pulsed-dye laser operating at 480 nm with a ~1 us duration
were delivered into thrombus by a fluid-core catheter. The thrombus absorbed the
laser energy and then was ablated through vaporization and cavitation. A portion
of vessel wall in the treated area was found to be visible fluoroscopically even
after flow of the contrast medium was stopped. Evidently contrast media in the
flowing-fluid catheter stream was driven into the vessel wall resulting in a residual
radiographic image of the vessel wall. Thus, localized drug delivery using laser-
induced pressure transients was proposed as a potential therapy for enhancement
of laser thrombolysis, which was termed photoacoustic drug delivery. However,
it was changed to photomechanical drug delivery during the course of this study
due to the reasons mentioned in Chapter 1.

Although no studies of photomechanical drug delivery have been reported,
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the observations that explosive ablation of tissue in blood fields could result in
craters stained with red blood cells were reported, which may be attributed to
the explosive bubble formation [41, 76]. Flotte et al. also demonstrated that
laser-induced shock wave could be used to enhance drug cytotoxicity [77].

Photomechanical drug delivery uses a laser pulse to generate a cavitation or
vapor bubble in a fluid-filled blood vessel due to the absorption of laser energy by
either surrounding liquids (e.g., blood and saline) or absorbing target (e.g., clot).
The bubble expansion and collapse can cause rapid displacement of intravascular
fluid such that radial and longitudinal pressures are created sufficient to drive
drug into thrombus or vessel wall tissue.

The significant advantages of photomechanical drug delivery compared with
other localized drug delivery methods are 1) high concentrations of drugs could
be delivered with little or no damage to the vessel wall, 2) it can be performed
during a therapy process (e.g., laser thrombolysis), which would be the best time
and place to introduce pharmacologic agents for enhancing the therapy, and 3)
the flexibility of delivery system in the size make it possible to deliver drug into

a destination with small geometry.
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Chapter 3

Threshold Study of
Laser-induced Bubble Formation

in Absorbing Liquids

3.1 Introduction

Removal of thrombus in a fluid-filled blood vessels by a pulsed laser is a com-
plicated problem involving a number of the most significant issues that have been
encountered in laser ablation of tissue [1]. There are several mechanisms proposed
for laser tissue ablation: photothermal, photochemical, and photomechanical ef-
fects [32,37,53]. Photothermal effects are due to conversion of the laser energy
into heat and diffusion of that heat within the tissue. When the laser pulse du-
ration is less than the thermal relaxation time of the initially laser-heated layer
of tissue, then the zone of damage is minimized [78]. A simple model based upon

a thermal relaxation time, 75, given by

52
= — 1
"= (3.1



20

where § is the penetration depth of laser light in tissue (i.e., the reciprocal of
absorption coefficient of tissue), « is the thermal diffusivity of tissue (typically
0.13mm?/s [79]), leads to the prediction that a pulse duration less than 7p is
needed to minimize thermal damage. If laser pulses longer than the thermal
relaxation time, the thermal energy popagates into the tissue during the laser
pulses. Thus, the thermal effect is less than with continuous wave lasers owing to
short pulse duration and long thermal relaxation time. Pulsed laser ablation may
also lead to vaperization if the temperature of tissue reaches above 100°C [80].
A typical example of the photomechanical effect is the thermoelastic expansion
of tissue because of heating of the target tissue by the laser energy, and recoil
caused by ejection of the ablated material [81,82]. Large stress waves develop
if the heating is so rapid that the pressure transients do not have enough time
to leave the irradiated volume. This critical time it takes for pressure waves to

propagate out of the irradiated volume is given by

)
K] Y7 32
T, <Vs (3.2)

where 0 is the penetration depth of laser light in tissue, and Vj is the speed of
sound in tissue (~1500m/s).

Confinement (thermal or stress) depends on the laser pulse duration and the
absorption coefficient. In the case of blood and clot, the optical penetration
depth ranges from 5-1,600 ym in the 400-600 nm wavelength. Times for thermal
confinement are longer than those for stress confinement. Thus, pulse duration
(7p) broadly falls into three regimes: stress (7, < 7;), thermal confinement (7, <

7, < Tr), and no confinement (7 < 7,).
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The microsecond dye-laser pulse operating at 400-600 nm wavelength does
not meet the stress confinement, but it does follow the thermal confinement
condition. No heat is diffused out of the irradiated volume during the laser pulse.
When laser energy deposited in tissue is above the threshold radiant exposure to
vaporize the tissue, the vaporization commences [80].

Previous studies demonstrated that laser-induced cavitation bubble forma-
tion depends on the laser energy, absorption of the liquids, and radiant expo-
sure [83,84]. Establishing the minimum laser energy required to initiate vapor-
ization of liquids is crucial for clinical applications, since the radiant exposure has
to be maintained above the threshold for bubble formation in surrounding liquids
to generate hydrodynamic pressure for photomechanical drug delivery [6] and be-
low the threshold to ablate arterial wall tissue. Determination of threshold will
also be helpful for understanding the microsecond bubble dynamics. Although no
parametric study of the threshold for bubble formation in light absorbing liquids,
especially in oil, using pulsed-dye lasers has been reported, several investigators
have extensively investigated the threshold for cavitation bubble formation in wa-
ter using the ultraviolet excimer laser (XeCl at 308 nm, pulse duration = 115 ns)
and the mid-infrared holmium:YAG laser (wavelength = 2.12 ym) [83,84]. The
aims of this study were to establish minimum laser energy to initiate the bubble
formation in light-absorbing liquids with different physical properties (e.g., heat
capacity, latent heat, and viscosity) using a pulsed-dye laser and to investigate
the effects of absorption and radiant exposure on the thresholds. Therefore, the

threshold radiant exposures for bubble formation in water and oil under various
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conditions were compared.

3.2 Materials and Methods

3.2.1 Experimental Setup

All experiments were performed with a flashlamp excited dye laser (Palomar
Medical Technologies). The laser generated pulses with a pulse duration of 1.3 us
(full width at half maximum) at a wavelength of 504 nm (Figure 3.1). The laser
pulses were delivered into a transparent container (a 50x50x50-bottle) filled
with the liquids via an optical fiber, and the pulse energy was increased until a
cavitation bubble commenced at the fiber tip by use of flash photography. The
threshold energy was defined as the minimal energy per pulse needed to create a
rapidly expanding and collapsing bubble, whose maximal diameter equaled the
diameter of the fiber tip. The pulse energy was determined using a joulemeter
(Molectron). The pulse-to-pulse stability of the energy was better than 5%.

The experiments for determining the threshold radiant exposure at absorption

! were performed by using a 1000 um fiber

coefficients ranging from 6-300cm™
to deliver laser pulses into the solutions. The experiments for determining the

threshold generated by different fibers (200-1000 gm) were performed in solutions

of 6ecm™! and 300 cm ™! respectively.

3.2.2 Absorbing Liquids

Two liquids (water and mineral oil from Paddock Lab) were used in this study.

Dyes (Direct Red 81 from Sigma and D&C Red #17 from Warner-Jenkinson) were
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added to water and oil respectively to achieve the desired absorption. Both of the
dyes, chromophores, were photostable and had a peak absorption around 504 nm.
The absorption coefficients of the solutions had a nearly linear relationship with
the concentration of chromophore in the solutions: 0.0837 g of Direct Red 81 in
30mL water gave an absorption coefficient of 300 cm™!, while 0.0367 g of D&C
red #17 was added into 30 mL oil to obtain the same absorption. Direct Red 81
is easily dissolved in water after stirring several minutes at room temperature.
Heating was needed to make the oil solutions. The dye-oil mixture was heated
to 100°C with stirring until the appearance became uniform, and then cooled
to room temperature before the experiments. The absorption coefficient u, was
calculated from absorbance A measured with a diode-arry spectrophotometer

(8452A, Hewlett Packard) and path length d using the relation :
transmission = 10~ = ¢ 7#e4 (3.3)

3.2.3 Flash Photography

The setup for time-resolved flash photography is shown in Figure 3.2. The
bubble formation at the fiber tip was visualized using a triggerable CCD camera
(CV-251, Protec). A stereomicroscope (SZ60, Olympus) was used for magni-
fication. Each picture was a single event and reproducible with 5% variation.
A strobe (MVS-2601, EG&G) with a 5 pus pulse duration (full width at half-
maximum) was used for illumination. The delay times were controlled by a
digital delay generator (DG535, Stanford Research Systems). The generator was

triggered by the laser pulse by use of a photodiode (UDT Instruments) that was
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attached to the laser delivery fiber, so flash photographs were taken at variable
delay times of 5-500 us after the laser pulse. A laser filter was positioned in front

of the microscope to avoid saturating the CCD camera.

3.2.4 Data Analysis

Assuming a threshold radiant exposure, Fy;, (mJ/mm?), and a flat profile at
the fiber tip, the absorbed energy density F'(z) in a liquid layer of infinitesimal

thickness z (mm) in front of the fiber tip is given by
F(z) = poFipe e* (3.4)

where p, is the absorption coefficient of the liquid (cm™!). The energy density

needed to vaporize liquid is given by [83]
Frapor = pc(T. — Tp) + pL, (3.5)

where p is the density of the liquid (mg/mm?), ¢ is the specific heat of the liquid
(mJ/(mg°C )), T. is the critical temperature of the liquid (°C) (i.e., the liquid
starts the phase change at this temperature), T, is the initial temperature of the
liquid (°C), L, is the latent heat of vaporization (mJ/mg), and A is the surface
area of the fiber tip (mm?). If all the absorbed light is converted into heat,
equation (3.4) is equal to equation (3.5). Thus, the threshold radiant exposure

for bubble formation at the surface (z = 0) is given by

pc(T. —T,) + pLy,
la

Fop = (3.6)

Equation (3.6) is also known as the “blow off” model [85]. Threshold radiant

exposure for vaporization can be estimated by assuming that the threshold is
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determined by the energy needed for uniform vaporization over the entire surface
area of the delivery fiber. In practice, however, the delivered radiant exposure
is 1-10 times the threshold radiant exposure for vaporization. van Leeuwen et
al. and Jansen et al. proposed a partial vaporization theory in which the latent
heat of vaporization for the phase change of the entire irradiated area is not
required and the vaporization of water commences at 100°C [83, 84], such that

the theoretical threshold radiant exposure can be determined by

pc(Te. —T,)
Ha

Fip = (3.7)

Temperature of a liquid layer beneath a fiber tip was estimated using equation
(3.6) by assuming L,=0. The temperature at the threshold is given by:

_ Ha Fth
pcC

T

4T, (3.8)

The measured radiant exposures were compared with those calculated using
the blow-off model and partial vaporization model, since it was unclear whether
these models are applicable to predict the threshold radiant exposure for the

bubble formation in light absorbing liquids with one microsecond pulsed-dye laser.

3.3 Results

3.3.1 Threshold Radiant Exposure as a Function of Ab-

sorption

Figure 3.3 shows that a small bubble is formed at the threshold 5 us in water
and 10 pus in oil after a laser pulse. When the laser energy was below thresh-

old, only minor disturbances were observed beneath the fiber tip. The bubble
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grew quickly as the laser energy was increased above the threshold. For both
water and oil solutions, the threshold radiant exposure decreased with increasing
absorption coefficient (Figure 3.4). Surprisingly, the thresholds for water were
higher than those for oil although both the boiling point and viscosity of oil
are higher than those of water (see Table 3.1). The differences in the thresh-

old between water and oil decreased with increasing absorption coefficient. The

2 1

threshold radiant exposures for water ranged from 944+2mJ/mm? at 6cm™" to
12+1mJ/mm? at 300cm™". The thresholds for oil ranged from 4642 mJ/mm?

at 6em™! to 941 mJ/mm? at 300 cm ™.

3.3.2 Threshold Radiant Exposure as a Function of Fiber

Size

Figure 3.5 shows the threshold radiant exposure as a function of fiber di-
ameter using solutions with absorption coefficients 6cm™' and 300cm~!. The
threshold radiant exposures for both water and oil were independent of the fiber
size (diameter). The differences in the threshold between water and oil for the

1

solutions with an absorption coefficient of 6 cm™ were significant. There were

no differences in the threshold between water and oil when the solutions with an

1

absorption coefficient of 300 cm™" were used.

3.3.3 Temperature Estimation

The temperature of the liquid layer area in front of the fiber tip at the thresh-

old was estimated using equation (3.8) by assuming the values for water and oil
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from Table 3.1). The initial temperature (7,) was 25°C for both water and oil.
Figure 3.6 shows the calculated threshold temperature as a function of absorp-
tion coefficient. The threshold temperature as a function of fiber size was plotted
in Figure 3.7. The temperature increased with increasing absorption, while the
differences in the temperature between water and oil also decreased as the ab-
sorption increased. The threshold temperature was roughly independent of the
radiant exposure (except the data for the oil solution at the absorption 300 cm™!).

1

No differences in threshold temperature for water and oil was found at 6 cm™".

The threshold temperatures were significantly different at 300 cm ™.

3.4 Discussion

The aim of this study was to determine the threshold radiant exposure for
the bubble formation in light absorbing liquids (water and oil) with significantly
different physical properties (see Table 3.1) using one microsecond pulsed-dye
laser. The absorption coefficient of the absorbing liquids varied from 6-300 cm™!
corresponding to the absorption of blood at the wavelengths ranging from 450—
600nm. Dyes (Direct Red 81 or D&R #17) as chromophores were added into
water and oil to achieve the desired absorption coefficients. One microsecond
laser pulses were delivered into absorbing liquids through 200, 300, 600, and
1000 pm fibers. The ablation threshold was determined by visualizing the bubble
formation at the fiber tip using flash photography.

Threshold for both water and oil decreased as the absorption increased (Figure

3.4) and the differences in the threshold between water and oil decreased as well.
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The ablation thresholds for water were surprisingly higher than those for oil
solutions although the viscosity and boiling point for oil are higher than these
for water (see Table 3.1). It is unlikely that the differences are due to the heat
diffusion out of the irradiated volume, since the microsecond pulse is well within
the thermal confinement regime (in 300cm™! solutions, 75 is 0.8 ms water vs.
1.4ms oil).

I hypothesize that the bubble dynamics may be different when the incident
laser energy is above the threshold since other factors such as latent heat, volume
expansion coefficient, and vapor content of the liquid would affect the bubble
formation [83,84]. To verify this hypothesis, I compared the maximal bubble
volume generated in water and oil as a function of laser energy at supra-threshold
energies from the threshold up to 100mJ (i.e., 5 times above the threshold for
water solution, while 8 times for oil solution). By assuming an ellipsoidal bubble
and taking into account the volume occupied by the fiber tip inside the bubble,

the measured bubble volume, Vi, was calculated by

wH D? d
6 ] - [Wh(§

Viubbie = |

)’] (3:9)
with diameter (D), height (H), fiber diameter (d), and length of the fiber inside
the bubble (h). The maximum diameter and height were measured from the flash
photographs.

Bubbles generated in water solution grew much faster than those in oil solution
(Figure 3.9). This is not caused by the difference in the latent heat, since the
latent heat of oil is an order of magnitude lower than that of water (see Table 3.1),

less energy is required for oil than that for water to vaporize a similar volume of
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solutions. This suggests that the process of bubble formation above the threshold
does not solely depend upon the latent heat, and the differences in other factors
such as vapor content of the bubble and volume expansion coefficient should be
taken into account to simulate the complicated process of the bubble formation
in absorbing liquids. I used a simple model to estimate the differences in the
volume expansion coefficient between water and oil (see the appendix at end of
this chapter). The calculations showed that the volume expansion coefficient
of the water solution was about 1-2 orders of magnitude higher than that of
the oil solution. The volume expansion coefficients varied by a factor of 4 (e.g.,
6.3 - 10° for small bubbles with a diameter of 1.8 mm generated by delivering
40 mJ pulses into a 100 cm ™! water solution and 2.9-10° for larger bubbles with a
diameter of 5 mm by using 100 mJ), while there was good agreement between the
calculations and the measurements for the oil solution by assuming the volume
expansion coefficient 2 = 10000 (Figure 3.10). However, whether this model is
applicable to estimate the bubble dimension under different conditions remains
a subject for further investigation, and it is beyond the scope of this study.

The threshold was nearly independent of the fiber configuration except for
the data using a 1000 um fiber. This shows that radiant exposure dominates
the onset of bubble formation rather than energy. The discrepancy at the data
using the 1000 um fiber may be caused by the tensile stress effect induced by
the edge of the fiber [86]. The thresholds in water solutions were similar to
those reported by de la Torre for bubble formation in lysed blood at various

hematocrits [87]. Similar thresholds were also reported by van Leeuwen et al. and
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Jansen et al. for vapor bubble formation in OBP-HCI solutions (30 cm™!) using
a 308 nm excimer laser and in water (30 cm™!) using a Q-switched holmium laser
with 1 ps pulse duration [83,84]. Evidently, the absorption coefficient affects the
threshold radiant exposure significantly. However, the threshold radiant exposure
is relatively independent of the fiber configuration.

The measured threshold values for water solutions are about an order of mag-
nitude lower than those estimated by the blow-off model, while they are of the
same order as those predicted using the partial vaporization model. This finding
may imply that the latent heat is negligible for the onset of bubble formation.
The discrepancy between the calculation and measurement decreased as the ab-
sorption coefficient increased (Figure 3.4). Specifically, there was good agreement
in a 300 cm™! solution. This may be due to the fact that at low absorption coef-
ficients a microsecond pulse becomes close to the stress confinement regime (e.g.,
7, ~ 1.1 us when the absorption coefficient is 6 cm™!). Pulse transients, therefore,
could affect the onset of bubble formation and this effect, however, reduced as
the absorption coefficient increased.

The calculation of threshold temperature shows that it is not required to heat
the water layer in front of the fiber tip up to 100°C for the onset of bubble for-
mation (Figures 3.6 and 3.7). This finding suggests that the onset of bubble
formation could be initiated at temperature below the boiling point at low ab-
sorption coefficient due to the stress wave induced by the stress confinement and
the boundary of the fiber tip that could force the thermoelastic expansion only

to the forward direction. A study by Paltauf et al. suggested that when the fiber
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diameter is comparable to the penetration depth cavitation could be produced

even at very low temperatures due to the tensile stress effect [86].

3.4.1 Implications

Photoacoustic drug delivery uses laser-induced hydrodynamic pressure arising
from the expansion and collapse of a cavitation or vapor bubble in a fluid-filled
vessel to drive the clot-dissolving drug into thrombus to enhance the thrombolysis
process. It has been shown that the rapidly expanding and imploding bubble may
cause mechanical damage [88]. Reducing bubble dimensions has been proposed
as a promising strategy for minimizing the photomechanical effect [89-91]. The
use of a liquid that has a low volume expansion coefficient may reduce the bubble
dimension. Figure 3.9 shows that the difference in bubble volume using water and
oil is by a factor of 7 at an energy twice as much as the threshold energy. This
study also suggests that a small fiber may be used to create the same displacement
of intravascular fluids with lower energy as that created by a larger fiber with

higher energy, since the threshold is relatively independent of the fiber size.

3.4.2 Limitations of This Study

In this study thresholds for bubble formation in solutions (water and oil)
containing dyes were investigated. The chemical structure of these two dyes were
different, which may cause different chemical reactions when irradiated by a laser
pulse. Therefore, the difference in the thresholds may not be solely caused by the

difference in the physical properties of water and oil. Furthermore, in our study
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dye (Direct Red 81) was used as the chromophore in water solutions, in vivo the
results will be different.

In conclusion, thresholds for bubble formation in light absorbing liquids have
been measured as a function of the absorption coefficient and a function of fiber
size (diameter) as well. The experimental results suggests that the threshold for
bubble formation depends on the heat capacity of the liquid, while the bubble
volume may be dominated by vapor content of the bubble and volume expanding
coefficient at supra-threshold radiant exposure. The thresholds are proportional
to the absorption coefficient and are relatively independent of the fiber configu-
ration. The differences in thresholds between water and oil solutions decease as

the absorption coefficient increases.
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Appendix

If all the pulse energy is absorbed a cavitation bubble is not formed during
the laser pulse. Based on Beer’s law, the attenuated radiant exposure at a certain
depth (z) is given by

E(2) = E,exp(—fia2) (3.10)

where F, is the incident pulse energy.
If the incident pulse energy, E,, is larger than a threshold (Ey,), the laser
pulse will penetrate a depth z = d. The attenuated pulse energy at a depth d is

the threshold pulse energy:
Ey, = E,exp(—pqd) (3.11)

Consequently, the depth, d, can be determined by

) (3.12)

where F, and F};, are the incident radiant exposure and the threshold radiant
exposure respectively.

If the volume of the liquid in which the laser energy is deposited can be
uniformly vaporized by the excess energy above the threshold, the energy required

for vaporization is given by
Evapm'ization = Na(Eoei'uaz - Eth) = A‘/vaporized va (313>

where AVygporized is the volume of an infinitesimally thin layer dz in front of the

fiber tip, p is the density of the liquid, and L, is the latent heat of vaporization.
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Therefore, the infinitesimal volume vaporized is given by

,ua(Eoe_Maz — Eth)
pLy

A‘/vaporized = (314)

Unlike the partial vaporization model [83,84], T assume that the entire area in
front of the fiber tip is uniformly vaporized rather than the fraction of the disc.
For the pulse with a flat energy profile at the fiber tip, the depth of the layer will

be constant across the entire layer and the whole volume of the liquid will be

V;)aporized = /A‘/vaporized dz (315)

By substituting equation (3.14) and integrating AVjaporizeq from z = 0 to

2z = d one obtains the volume of the liquid beneath the fiber tip that is vaporized:

z=d —HaZ __
,ua(Eo6 Eth)
‘/va orize :/ d 3.16

D d =0 pLU < ( )

with d provided by equation 3.12. Thus, the volume of the liquid that is vaporized

by the excess pulse energy above threshold can be estimated by

AFy,

F. F,
V;)a orized — - -
P a va [Fth

1= n( ) (3.17)

The volume of vaporized liquid Vigporizea Will expand to a much larger volume,
which depends on the pressure of the bubble at maximal dimensions, the rate of
condensation during the expansion, and the fiber configuration. To simplify this

complex process, I assume
‘/bubble = ‘/;Japorized (318)

where (2 is the volume expansion coefficient, such that the bubble volume can be

estimated by

‘/va orized — 3.19
P I va [Fth ( )
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Figure 3.2: Experimental setup for time-resolved flash photography of laser-

induced bubble created at the fiber tip in absorbing liquids (water and oil).



Figure 3.3: Bubble formation at the fiber tip in100 cm~* water and oil.
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Figure 3.4: Threshold radiant exposures for absorbing liquids (water and oil) with
different absorption coefficients. The laser pulse was delivered via a 1000 pym fiber.
The upper line represents the thresholds for water predicted by the blow-off model
(equation 3.6), while calculated by the partial vaporization model (equation 3.7)
are also shown (lower line). Error bars are smaller than symbols.
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Figure 3.5: Threshold radiant exposure as a function of fiber size (diameter) using
the solutions with absorption coefficients of 6 cm ™! and 300 cm~!. The thresholds
were similar for both water and oil at 300cm~!. The solid line represents the
thresholds predicted by the partial vaporization model. The threshold for 6 cm™!
water solution predicted by the partial vaporization model was 525 mJ/mm?. The
threshold for water solutions of 6 cm™! and 300 cm™! predicted by the blow-off
model were 4,300 mJ/mm? and 86mJ/mm? respectively. Some error bars are

smaller than symbols.
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Figure 3.6: Calculated temperature of the liquids at threshold directly using
equation (3.8). Ambient temperature was assumed to be 25°C.
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Figure 3.7: Calculated temperature of the liquids at threshold directly using
equation (3.8. The solutions with absorption coefficients 6 cm™! and 300 cm™.
Ambient temperature was assumed to be 25°C. There were no significant dif-
ferences in the temperature between water and oil at the lower absorption (i.e.,

Gem™1).
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- d

Figure 3.8: Schematic of a cavitation bubble with diameter (D), height (H), fiber
diameter (d), and length of the fiber inside the bubble (h). The volume of the
bubble is estimated by assuming an axial symmetric ellipsoid with equation (3.9).
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Figure 3.9: Maximum bubble volume as a function of laser energy. Laser pulses
were delivered into the solutions at the absorption 100 cm™! through a 1000 ym
fiber.
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Figure 3.10: Bubble volume as function of laser energy. The open squares rep-
resent the experimental results, and the line represents the data estimated by
theoretical calculation using equation (3.19) assuming the volume expansion co-
efficient € = 10000. Laser pulses were delivered into a 100 cm~! oil solution via
a 1000 pum fiber. The measured threshold radiant exposure was 25.3 mJ/mm?.
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Table 3.1: Some physical properties of water and oil.

MATERIAL density viscosity  specific heat  latent heat boiling point
(mg/mm?)  (cP)  (mJ/(mg°C)) (mJ/mg) (*C)
water 1 0.653 4.2 2.26 - 10° 100

mineral oil 0.86 29.67 1.87 2.83-102 300
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Chapter 4

Dynamic Behavior of

Laser-induced Cavitation
Bubbles in Liquids and on Soft
Targets

4.1 Introduction

Cavitation is the formation and activity of bubbles (or cavity) in a liquid [92].
The interest in the dynamics of cavitation bubbles in liquids initially arose from
their destructive effects on ship propellers and in hydraulic machinery. Cavi-
tation erosion is attributed to the action of acoustic transients emitted during
bubble collapse and to the impingement of the high-speed liquid jet that devel-
ops when a bubble collapses into the vicinity of a solid boundary [93]. It was
shown that cavitation occurs in a liquid when irradiated with laser light soon af-
ter the invention of laser [94]. This form of cavitation is called optical cavitation.

Early studies of laser-induced cavitation focused on the investigation of acoustic
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transient emission due to plasma formation at the laser focus [95] and the jet
formation [96]. Laser-induced bubbles can be high spherically and free from me-
chanical distortions, thereby facilitating comparison of experimental results with
numerical investigations.

Pulsed lasers have been used to induce cavitation or vapor bubbles in ophthal-
mology, cardiology, and urology. For example, laser pulses are used to produce
a plasma with subsequent bubble formation for ocular surgery by photodisrup-
tion [97] and laser-induced lithotripsy [98]. Tissue disruption and stone fragmen-
tation are related to the mechanism of cavitation erosion. Laser pulses are also
used to remove thrombus in obstructed arteries [1].

Pulsed laser ablation of blood clots in a fluid-filled blood vessel is accompanied
by an explosive evaporation process. The resulting vapor bubble rapidly expands
and collapses to disrupt the thrombus (blood clot). A study by de la Torre and
Gregory demonstrated that laser energy absorption by blood produced rapidly
expanding cavitation bubbles and high-pressure acoustic transients of between
10 and 1200 atmospheres [87]. Thus, the laser-induced bubble formation plays
an important role in the thrombus removal process.

Previous studies of laser-induced cavitation focused on four topics:

1. the fundamental studies of laser-induced bubble formation: investigations
of bubble formation in light absorbing liquids or on absorbing targets [90,

91,98-101];

2. tissue removal: selective removal of diseased tissue without damage to the
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adjacent normal tissue [30,32,39];

3. tissue damage: effects of laser parameters on the tissue damage [76,102,103],

and

4. effect of pressure on the membrane: enhancement of drug cytotoxicity by

laser-induced shock waves [77,104].

Three methods using laser have been used to generate cavitation or vapor
bubbles. The first method generates bubbles by optical breakdown at the focus
of the laser beam and the plasma formation [97,105]. This method is commonly
used for intra-ocular microsurgery. For example, Nd:YAG laser has proven so
successful at sectioning opacified posterior lens capsules that it has completely
replaced the traditional surgical approach for the often equally debilitating sec-
ondary cataracts [105]. The second method generates bubbles in light absorbing
liquids using optical fiber for pulsed beam delivery, the bubbles are formed at
the fiber tip. The third method generates bubbles by delivering pulsed laser light
to light absorbing solid targets. The bubbles are formed on the target surface
submerged in clear liquids (e.g., water or saline).

These last two methods have been used for laser thrombolysis [1, 106, 107]
and the subsequent cavitation phenomena are important for understanding pho-
tomechanical drug delivery process. Although several studies have been focused
on the laser-induced cavitation or vapor bubble dynamics [90,91,99], no detailed
study has been done on the dynamic behavior of laser-induced cavitation bubble

in light absorbing liquids or on soft targets with the pulsed dye laser. The aims
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of this study were

e To elucidate the role of laser energy, radiant exposure, and absorption in

the bubble formation at supra-threshold.

e To investigate how the different liquids surrounding a fiber tip or on a
target surface affects the bubble formation and how mechanical strength of

thrombus affects the removal process.

e To study the effects of boundaries of the fiber and container on the bubble
formation to simulate the effect of clinically relevant boundary conditions
(vessel walls and the laser catheter) upon cavitation bubble formation or

thrombus ablation.

4.2 Materials and Methods

4.2.1 Sample Preparation

Thrombus was simulated using 3.5-5% gelatin (60-300 bloom, Sigma Chemi-
cals). The percentage was determined by the weight ratio of gelatin to water. The
bloom number is the standard method for indicating the toughness of gelatins
and is a measure of surface tension. Higher bloom numbers indicate stronger
gelatins. No attempt was made to correlate the bloom number with the strength
of any specific clots in this study, although the range studied was similar to that
of typical clot toughness. The gelatin-water mixture was heated to 60°C with
stirring until it became clear. Liquid gelatin samples were poured into 1 cm cu-

vettes and molded to form 2-3 cm thick thrombus models with flat surfaces. Dye
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solution (0.07 g of Blue 15 from Sigma in 40 mL water) was placed on the gelatin
surface for 5 minutes and a blue layer (~300 um thick with a ~100 cm~! absorp-
tion coefficient at 577 nm) was formed. At 504nm, 300 cm™* gelatin samples were
made by adding 0.3g of Direct Red 81 from Sigma in 100 mL of liquid gelatin
(3.5% 175 bloom).

Solutions of water or mineral oil containing a light absorbing dye (Direct
Red 81 or D&R #17) were used as light absorbing liquids. The absorption was
controlled by varying the amount of dye in the solutions. The details of making

these solutions were described in Chapter 3.

4.2.2 Laser Radiation

Laser irradiation at 504 or 577nm was provided by flashlamp excited dye
lasers (Palomar Medical Technologies). The pulse duration was ~1.3 us (full
width at half maximum). The laser pulses were delivered into absorbing liquids
or through clear liquids onto thrombus phantoms via a fused-silica fiber with di-
ameters 300 and 1000 pm. The energy per pulse was measured with an joulemeter

(Molectron). Pulse-to-pulse energy variation was less than 5%.

4.2.3 Photographic Systems

Two photographic systems were used to visualize the bubble formation. A
time-resolved flash photographic setup provided a series of single stroboscopic
pictures, while a high-speed framing camera captured 12 images for one single

event. The bubble sizes were measured directly from the images by using the
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optical fiber in each image as a scale factor. The images were analyzed using

NIH Image or IP Lab software.

Flash Photography

The microsecond time-resolved flash photography setup is shown in Figure
4.1. The processes taking place at the fiber end or on the gelatin surface were
photographed using a triggerable CCD camera (CV-251, Protec). A stereomi-
croscope (SZ60, Olympus) was used for magnification. Each picture was a single
event and was repeated three times for each parameter set. The bubble size was
reproducible to 5% before the bubble collapse. The appearance of cavitation bub-
bles varied widely after the bubble collapse. A strobe (MVS-2601, EG&G) with
a 5us pulse duration (full width at half-maximum) was used for illumination.
The delay times were controlled by a digital delay generator (DG535, Stanford
Research Systems). The generator was triggered by the laser pulse by using a
photodiode (UDT Instruments) that was attached to the laser delivery fiber, so
flash photographs were taken at variable delay times of 5-500 us after the laser
pulse. A laser filter was positioned in front of the microscope to avoid blinding

the CCD camera.
High-speed Shadowgraphy

Figure 4.2 shows a schematic of the high-speed photographic system. A
continuous-wave argon ion laser at 514 nm was used for illumination. The laser
beam was expanded to 10 mm diameter using a 3x beam expanding telescope for

illuminating the sample area. A shadowgraph of the sample surface and optical
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fiber was imaged on the input of an electronic framing camera (FS501, Ultranac).
By properly timing the pulsed-dye laser and argon ion laser with the triggering
of the electronic framing camera, multiple exposures of the interaction of the
laser pulse with the thrombus could be realized. The ablation process could be
examined from start as early as several hundred nanoseconds to several hundred
microseconds after the laser pulse. The electronic framing camera captured 12
pictures with an adjustable interframe time. The photographs were taken with
one microsecond exposure time and 25 microsecond interframe time. The 12
frames were captured on a 1152x770 pixel CCD chip with the image read di-
rectly into a PC for data analysis. The illumination light was adjusted using a

neutral density wheel (50G00AV.2, Newport).

4.2.4 Experiments

Effects of Laser Energy, Absorption, and Radiant Exposure

In a previous chapter I established the thresholds for bubble formation in
absorbing liquids. The results demonstrated that the thresholds increased with
decreasing absorption coefficients and were relatively independent of the fiber
size. The goal of this experiment was to investigate the role of excess laser energy
on bubble formation in the solutions with varied absorptions at supra-threshold
energies when fibers of different sizes were used for laser delivery. The bubble
dynamics in absorbing liquids were visualized with the flash photographic setup,
and the laser-induced acoustic pressure waves were measured with a piezoelectric

polyvinlyidenefluoride (PVDF) transducer (Hydrosonics) that was placed under
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the transparent container filled with the light absorbing liquids.

Laser pulses of 30-100 mJ (4-13 times above the threshold energies) were de-
livered into a 300 cm ™ oil solution through a fiber with a diameter of 1000 ym for
the energy effect experiment, while single laser pulses of 100 mJ were delivered
into the medicated oil solutions with absorption coefficients (50-300 cm™!) for the
absorption effect experiment. The effect of radiant exposure was investigated by
using fibers (300-1000 pm) to deliver laser pulses with the same radiant exposure
into a 300 cm~! oil solution, such that the energies varied from about 8-13 times
above the threshold energies (i.e., 9mJ via a 300 um fiber, 36 mJ via a 600 um
fiber, and 100 mJ via a 1000 ym fiber). The bubble sizes (widths) were measured
as functions of delay time for different laser energies, absorption coefficient, and
fiber sizes respectively. A theoretical analysis of the bubble volumes was corre-
lated with measured bubble volumes. The bubble volumes were calculated using
equation (3.19) with the data in Table 3.1.

Acoustic measurements were conducted to correlate the acoustic pressure
waves with the bubble sizes, such that no quantitative analyses of the pressures
were made. The acoustic signals were recorded on a digital storage oscilloscope
(DSA 602A, Tektronix). A typical acoustic transducer signal is shown in Figure
4.3. The oil solutions were selected because they were used as drug models for in

vitro experiments of photomechanical drug delivery (see Chapter 6).
Effects of Materials

Three experiments were performed to investigate the effects of materials:
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1. Does viscosity and density of absorbing liquids affect the bubble size formed

in absorbing liquids?

2. What are the differences when the bubble forms on a soft target covered

with the liquids?

3. Does the mechanical strength of the ablation targets affect the bubble dy-

namics?

In the first experiment, single pulses of 100 mJ were delivered into an oil
solution or water solution through a 1000 um fiber. The absorption coefficient

for both solutions was 300cm™".

The solutions filled a 3 mm diameter silicone
tube and the fiber was centered inside the tube. The laser emitted light with a
wavelength 504 nm.

In the second experiment, two sets of experiments were performed. The first
set used single pulses of 50 mJ were delivered onto 100 cm™! gelatin through clear
water or clear oil via a 300 um fiber placed 1 mm above the gelatin surface. The
bubble formation was visualized using high-speed shadowgraphy. The laser emit-
ted 577 nm light. The second set used 100 mJ laser pulses to irradiate the gelatin
sample (300 cm™!) through clear water, clear mineral oil (Paddock Lab), and clear
contrast medium (MD-76, Mallinckrod Medical, Inc.) using a 1000 ym fiber that
was 1 mm away from the gelatin surface. The bubble width was measured 300 us
after the laser pulse with flash photography. The laser operated at 504 nm. The

density and viscosity for water, mineral oil, and contrast medium are summarized

in Table 4.1.
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The third experiment visualized the bubble formation on 100cm™! gelatin
with different mechanical strengths. Single pulses of 50 mJ pulse were delivered
via a 300 ym fiber onto a gelatin sample (100 cm™!) with varied hardness (3.5%
60 bloom and 5% 300 bloom) under water. The fiber tip was 1 mm above the
gelatin surface and centered inside 1 cm cuvette. The laser operated at 577 nm. I
also investigated the effect of mechanical strength on bubble formation when the
fiber tip was slightly in contact with the gelatin surface. Single pulses of 100 mJ
operating at 504 nm was delivered via a 1000 um fiber onto a clear gelatin sample

(3.5% 60 bloom and 3.5% 300 bloom) covered with a 300 cm™! oil solution.

Boundary Effects

In a previous chapter I proposed that the use of a smaller fiber for laser delivery
may benefit the clinical applications because of the lower energy needed. However,
it is unclear whether the bubble generated by a smaller fiber can produce the
same hydrodynamic pressure as that created by a larger fiber with higher energy
when the bubble diameters are similar. Thus, an experiment was performed
to investigate the effect of fiber configuration on bubble formation and acoustic
pressures. The laser pulses were delivered into the oil solution (300 cm™!) through
300, 600, and 1000 pum fibers, and the pulse energy was varied, such that bubbles
of same size could be produced. Consequently, the experiment was performed
in a silicone tube with a 3mm inner diameter as a blood vessel model using the
energies that could create bubbles of the same width for a 300 ym fiber and a

1000 pm fiber.
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The effects of boundaries were also investigated through comparing the bub-
ble dimensions generated by different size fibers (300, 600, and 1000 gm) with
different boundary conditions (i.e., a 52x52x50 mm-bottle, 1cm-cuvette, and
3 mm-silicone-tube). A series of experiments were performed with the same pa-
rameters as those described in section 3.4.1 in a 1 cm cuvette instead of the plastic

bottle.

4.3 Results

4.3.1 Effects of Laser energy, Absorption, and Radiant

Exposure

Figures 4.4 and 4.5 show the plots of the bubble dimension (width) as a
function of delay time for different laser energies and absorption coefficients of
the solutions. As expected, the bubble sizes increased as both the laser energy and
absorption coefficient increased. The first collapse was observed at pulse energies
above 60 mJ in the 300 cm™! oil solution. Note that the time of maximum bubble
size was half of the first collapse time for a larger bubble (e.g., at 100 mJ), while
the time of the maximum bubble size was shortened for the smaller bubbles.
Figure 4.6 shows that the bubble sizes were proportional to the fiber sizes at
a constant radiant exposure. The constant radiant exposure was achieved by
increasing the area of the delivery fiber with increasing the total energy, i.e.,
more energy was delivered for larger fibers.

Acoustic pressure measurements showed that the acoustic pressure increased

with increasing bubble size and pulse energy (Figures 4.7 and 4.8). The acoustic
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signal also increased with increasing absorption coefficient. Increases in the acous-
tic signals were faster from 75-210 mJ/mm? than those from 210-850 mJ/mm?
(Figure 4.8). The amplitudes of the maximum signals increased by a factor

2. However, it

of 3.5 when the radiant exposure increased from 75-210 mJ/mm
only increased by a factor of 1.4 as the radiant exposure increased from 210-
850mJ/mm?. Tt can also be seen that the acoustic pressures were greater for the
smaller fibers than for larger fibers at equal laser energy (Figure 4.8).

The bubble volumes were estimated using equation (3.19). The ratio of bub-
ble volume and surface area of the fiber tips as a function of the ratio of radiant
exposure over measured threshold radiant exposure is plotted in Figure 4.9. The
solid lines were least square curve fits according to equation 3.19 and the corre-
lation coefficient R = 0.99. Note that the volume expansion coefficient, €2, varied
as much as a factor of 4. A volume expansion coefficient €2 of 10000 seems to be

better for smaller bubbles, while a volume expansion coefficient €2 of 38000 may

be a better parameter for the larger bubbles.

4.3.2 Effect of Materials

Figure 4.10 shows the bubble dimensions (width and height) generated on
the absorbing gelatin surface under clear water and oil. There were no significant
differences in bubble sizes formed on the gelatin under water or oil. The bubble
heights did not differ significantly from the widths. Note that the bubble in water
grew faster initially (~25us) and at 50 us they matched. Flash photographs re-

vealed that the bubble dimensions formed under water, oil, and contrast medium
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were quite similar each other. The measurements are summarized in Table 4.1. 1
observed that a stream of color released from the absorbing gelatin surface when
the contrast medium interacted with the gelatin samples. This was not observed
for water and oil.

Figures 4.11 and 4.12 show in side view the behavior of a bubble generated on
absorbing gel surface with different mechanical strength using the flash photog-
raphy setup, while two series of high-speed shadowgraphs are shown in Figures
4.13 and 4.14. In the case of soft 3.5% 60 bloom gelatin, the bubble shape was
spherical during expansion and contraction. The bubble reached its maximal di-
mension about 100 us after the laser pulse, and then started to contract slowly
(Figure 4.11). The collapse occurred about 300 pus after the laser pulse. The
bubble shape became elliptical between 150 and 200 us after the laser pulse when
the harder 3.5% 300 bloom gelatin was used (Figure 4.12). The first collapse
was observed at about 250 us and then slightly rebounded. The second collapse
occurred between 400-450 ps. The second collapse occurred between 400-450 us.
The gelatin ejected from the surface afterwards. Similar bubble behavior was
observed from the high-speed shadowgraphs (Figures 4.13 and 4.14). The bub-
ble widths from Figures 4.13 and 4.14 are plotted as a function of delay time in
Figure 4.15. These shadowgraphs confirmed that the series of isolated strobo-
scopic pictures could be used to characterize the bubble formation even though
the process may vary from shot to shot and from sample to sample.

Figures 4.16 and 4.17 show the effect of material mechanical strength on

the bubble formation when the fiber tip slightly contacted the gelatin surface.
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Evidently, the bubble more easily penetrated into the soft gel than the hard
one (Figure 4.16). The resistance from the harder gelatin pushes the collapsing

bubble back to the surface (Figure 4.17).

4.3.3 Boundary Effects

L 6il solution

Figure 4.18 shows laser-induced bubbles formed in a 300 cm™
with the same width. The pulse energy needed to create bubbles of the same
size increased with increasing the fiber size. The bubble shape changed from
almost spherical to a more widened elliptic shape as the fiber size increased. Two
compiled sequences of bubble growth and collapse with different fibers are shown
in Figures 4.19 and 4.20. The first collapse for the 300 um fiber was of ~300 us
and then rebounded to a second maximum size at 400 us. The second collapse
occurred 525 us after the laser pulse. Eventually, the bubble left the fiber and
migrated forwards. The bubble dynamics for a bubble generated by a 1000 pym
fiber differed from that created by the 300 um fiber (Figure 4.20). The bubble
size at first collapse (~260 us) was larger than that of the 300 ym fiber and left
the fiber tip faster than that of the 300 um fiber. The acoustic measurements
revealed that bubbles of similar size could generate the similar maximal acoustic
pressure (Figure 4.8).

Figures 4.21 and 4.22 show the bubble formation in a 300 cm™! oil solution
confined in a 3mm silicone tube. There were no differences in the maximal

tube wall diameter due to the bubble expansion and minimal diameter caused

by the collapse between the two cases. In both cases, the bubble reached its
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maximum size 50 us after the laser pulse and dilated the tube wall by 10%. The
subsequent bubble collapse caused a 4% invagination of the tube wall. Figure 4.23
shows the bubble expansion and collapse (top panel) in an unbounded 300 cm ™!
water solution. The maximal dilation of 29% was 60 us and the tube diameter
was reduced by 13% at 900 us due to the collapse (bottom panel). Note that
the maximum bubble width formed in the water solution was larger than that
formed in the oil solution by a factor of 1.8 (i.e., 3.9 mm in water and 2.2 mm in
oil) using the same laser energy (in this case, 100mJ) and resulted in significant
differences in the dilation and invagination of the tube wall (Figures 4.22 and
4.23).

The effect of container boundary on the bubble dimension for different energies
and absorptions is shown in Figures 4.24 and 4.25. There was no difference in bub-
ble size for laser energies below 60mJ in a 300 cm™! oil solution (Figure 4.24A),
although the times of the maximum bubble size were different (Figure 4.24B).
The bubble dimensions and the corresponding times were also different when
the bubbles were formed in oil solutions with varied absorption coefficients (50—
300cm™'), shown in Figure 4.25. The maximal bubble diameter (2.740.2mm)

formed in the tube was similar to that in cuvette (2.440.2mm), but it was only

84% of that in the semi-infinite medium (i.e., in a 52x52x50 mm-bottle).

4.4 Discussion

The objective of this study was to characterize the laser-induced cavitation

phenomena that take place in absorbing liquids and on soft targets. The dynamic
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behavior of the vapor bubble was visualized using time-resolved flash photography
and high-speed shadowgraphy, and the acoustic pressures were measured using a

PVDF transducer to correlate the acoustic pressures with the bubble dimensions.

4.4.1 Effects of Laser Energy, Absorption, and Radiant

Exposure

The results of this present study demonstrated that the bubble dimensions
depended on the laser energy and absorption coefficient. The bubble sizes in-
creased with increasing laser energy and absorption. The excess laser energy
resulted in larger short lived bubbles (~ 300 us). This demonstrated the applica-
bility of two methods for decreasing bubble dimensions: decreasing pulse energy
and diluting surrounding liquids, i.e., decreasing the absorption coefficient. The
effects of radiant exposure seem to more complicated than those of laser energy
and absorption. Figure 4.6 shows that the bubble sizes are larger for larger fibers
and smaller for the small fibers at a constant threshold radiant exposure. The
energy varied by a factor of 4-11, and larger fibers needed more energy than that
needed by the smaller fibers. It seems that the pulse energy dominates the bubble
dimension. However, bubbles of the same size could be created by a small fiber
(i.e., 300 um fiber) using lower energy (33mJ) or a larger fiber (e.g., 1000 ym
fiber) using higher energy (100 mJ). This result suggests that the bubble dimen-
sion was, somehow, governed by the radiant exposure. I hypothesize that there

is a threshold effect, i.e., the bubble formation will be governed by laser energy
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below this threshold, while the radiant exposure dominates the bubble dimen-
sions above this threshold. However, it is unclear whether the laser energy will
dominant the bubble dynamics above a certain value, i.e., the bubble dimension
would be independent of the fiber configuration as long as the same pulse energy
is delivered.

In a previous chapter, I proposed a theoretical model to analyze bubble volume
(see Appendix in Chapter 3). To verify the applicability of this model, the
calculated bubble volumes were compared with those measured. The range of
parameters was relatively large. The delivered laser energy per pulse ranged
from 9-60mJ (about 4-8 times above the threshold energy). The absorption
coefficient of the oil solution was varied from 50-300cm™! (a factor 3) and the
surface area of the fiber tip varied from 0.071-0.785 mm? (a factor 11). The ratio
of input radiant exposure and the measured threshold (F,/F;;,) was about 10. The
results revealed that the estimation of bubble volumes would be off by a factor
of 4 due to the variation of the volume expansion coefficients (10000-38000).
This may indicate that the volume expansion factor €2 is dependent of the initial
volume of the vaporized oil that may depend on the latent heat. Furthermore, the
latent heat of oil is a function of temperature [108]. The results of the preceeding
chapter showed that the threshold temperature varied from 90-350°C, such that
the latent heat would change by a factor of 2.

A study by van Leeuwen et al. demonstrated that the volume expansion fac-

tor varied by a factor of 1.6 for the excimer laser-induced vapor bubble formed in
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hemoglobin solution [90]. In their study, single pulses of 1.25-51mJ were deliv-
ered into hemoglobin solutions (40-320 cm ™) through fibers (300, 550, or 950 um
diameter) and the thresholds were calculated using the partial vaporization the-
ory. The ratio of incident radiant exposure F, and theoretical threshold F};, was
restricted to 10. The volume expansion factor ranged from 3400-5400. A similar
study by Jansen et al. also showed that the volume expansion coefficient was not
a constant for bubble formation using mid-infrared lasers and the best fitting
volume expansion factors were about 820 for Ho:YAG laser (2.12 um) and 729 for
Tm:YAG laser (2.01 um) respectively [84].

The variation of volume expansion coefficient €2 reduced to a factor of 2 after
the variation of latent heat was taken into account for the calculation. This
discrepancy between the experimental and the theoretical values (by a factor of
2) may be caused by the physical properties of the mineral oil since it was a
mixture of several different components and carbonization always occurs when
part of the oil was super heated by the laser pulse. Furthermore, it is unclear
what the temperature really was at supra-threshold energy, which may also cause
misestimation of the latent heat. In comparison with previous studies [84, 90],

this model is useful for predicting the bubble dimension.

4.4.2 Effects of Materials

Photoacoustic drug delivery uses the hydrodynamic pressure following the
laser-induced bubble expansion and collapse to deliver the drug into thrombus

during laser thrombolysis procedure. The bubble is formed on the thrombus



64

covered with clear fluids (e.g., saline and contrast). One concern is whether the
density and viscosity affect the bubble dynamics. This study demonstrated that
the effects of density and viscosity of the liquids above the target on the bubble
formation are negligible when the bubble formed on an ablation target (Figure
4.10 and Table 4.1). The mechanical strength of the target material does affect
the bubble dynamics (Figure 4.15). The bubble dynamics strongly depended on
the physical properties of the absorbing liquid when the bubble was formed in
an absorbing liquid (Table 4.1). These findings suggest that the properties of
the liquids dominate the bubble formation as the laser energy is absorbed by the
absorbing liquids, while the bubble formation is governed by the properties of
the targets if the laser energy is absorbed by the target. In brief, the dynamics of
bubble formation depends on where the bubble is formed due to the absorption
of laser energy by absorbing liquids or soft targets.

The flash photographs revealed that the larger bubble formed in water could
cause greater dilation of the tube wall (Figures 4.22 and 4.23). A study by de
la Torre and Gregory suggested that laser-induced cavitation bubble could cause
dissections in vascular tissue during pulsed-dye laser angioplasty [109]. Reducing
bubble dimensions has been proposed to minimize the photomechanical effect
[89-91]. This study suggests that the bubble size may be reduced by using a
liquid in which small bubbles are formed like oil rather than water.

The density and viscosity of clear liquids do not affect bubble dynamics sig-
nificantly when the bubble is formed on gelatin. This implies that the bubble

formation depends on the material properties of the ablation target. This finding
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suggests that photomechanical drug delivery may be achieved by using any drugs
that are suitable to dissolve the thrombus during laser thrombolysis regardless of
the density and viscosity of the drug.

Previous studies have demonstrated that the mechanical properties of tissue
significantly affect the ablation rate and the bubble formation [85,91]. How-
ever, there is no evidence available to show that the mechanical strength of the
thrombus affects the bubble dynamics. This study provided evidence that the
mechanical strength of the ablation targets affects the bubble dynamics and sug-
gests that the mechanical strength of the thrombus should be considered when
modelling the bubble dynamics during laser thrombolysis and photomechanical
drug delivery.

The bubble behavior became closer to that formed on solid targets and the
bubble oscillation was observed for the bubble formed on a harder gelatin (e.g.,
3.5% 300 bloom gel) shown in Figure 4.12, while the ejection of materials always
followed the bubble collapse for those formed on a soft gelatin (e.g., 3.5% 60
bloom gel) shown in Figure 4.11. The bubble shape was also affected by the
mechanical strength. For example, the bubble formed on soft gelatin kept an
almost spherical shape until its collapse (Figure 4.13), and that formed on harder
gelatin was pushed back to the surface due to the resistance from the gelatin
(Figure 4.14). The maximal bubble volume was similar for both cases although
the bubble dynamics were significantly different. A possible explanation for this
phenomena was that the bubble had enough energy to overcome the resistance

from the harder gelatin during the expansion phase, and then the pressure inside
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the bubble decreased fast and eventually became smaller than the resistance and
pressure of the surrounding liquid. Consequently, the bubble was pushed back
to the surface, since the resistance from the water above the gelatin surface was
much smaller than that from the gel. In brief, the bubble would migrate to a
place where there is less resistance. One experimental result provided an evidence
to support this explanation. When the bubble formed on plastic plate under clear
water, only a hemispherical bubble was observed, shown in Figure 4.26.
Evidently, when the bubble formed inside the gelatin the effect of mechanical
strength would be more effective (Figures 4.16 and 4.17). A study by Jansen et
al. demonstrated that bubble dimensions formed in an 84% gelatin (in their case,
84 percent of water in the gel) were always smaller than those formed in water

regardless of the pulse duration with a Ho:YAG laser [91].

4.4.3 Boundary Effects

The results of this study showed that bubbles of the same size could be cre-
ated using fibers of different size (Figure 4.18), but the bubble shape changed
from almost spherical to a more widened elliptic shape with increasing fiber size.
Furthermore, the dynamic behaviors of these two bubbles looked different (Fig-
ures 4.19 and 4.20). The bubbles generated by a smaller fiber (300 um) could
contract to a smaller size than those for a larger fiber (1000 um). This may be
caused by the physical size of the fiber tip.

The bubbles of the same size created using different fibers with different ener-

gies could generate the same mechanical effects on dilation and invagination of a
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3mm silicone tube wall. The acoustic transient measurements also showed that
similar acoustic pressure waves could be generated in this manner. This finding
suggests that photomechanical drug delivery can be achieved by use of smaller
fiber with lower energy.

The results of the present study demonstrated that the bubble formation was
also affected by the surrounding space. The bubbles formed in a plastic bottle
were larger than those formed in a 1 c¢m cuvette (Figures 4.24 and 4.25). I found
that the bubble formed in the 3 mm tube was similar to that formed in the cuvette
although the space surrounding the bubble was significant different. This may be
due to the fact that the rigid wall of the cuvette forced the moving liquid back to
the bubble while the flexible tube wall allowed the bubble to expand, resulting in
dilation of the tube wall. About 34% of the bubble energy was dissipated in the
dilation of the tube wall or displacement of liquid in the cuvette. This estimation
was made using Rayleigh’s bubble formula [97,98,110]: Eyupe = 4/37 R, Ap,
where Fjpuppe s the energy of the bubble and Ap is the difference between inner

and outer pressure, by assuming Ap = 1000 kPa (the hydrostatic pressure) in

both cases, in the plastic bottle and tube or cuvette.

4.4.4 Implications

This study suggests that photomechanical drug delivery can be achieved se-
lectively by use of different strategies to generate the laser-induced hydrodynamic
pressures in fluid-filled vessels. One is to generate bubbles on the thrombus due

to the absorption of laser energy by the thrombus in coincidence with injection
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of drug. In this case, the effect of drugs with different physical properties on the
bubble formation will be negligible. The other method is to create bubbles in
surrounding liquids (saline or blood) and the bubble dimension can be controlled
by either the properties of the fluids or using different laser parameters.

It has been shown that the rapidly expanding and collapsing bubble induced
by pulsed-dye laser radiation can cause perforation, dissection and other un-
wanted tissue effects [41,87]. However, the hydrodynamic pressures arising for
the bubble expansion and collapse would be harnessed under controlled circum-
stances for photomechanical drug delivery. Currently, two strategies to reduce
the bubble dimensions are clinically used. One of the strategies is called mul-
tiplexing [111]. This method uses a multifiber catheter to generate a number
(8-12) of smaller laser pulses (with the same radiant exposure) by consecutively
delivering laser pulses at different sectors of the catheter. Equation (3.19) shows
that the bubble volume is proportional to the surface area of the fiber tip at a
constant radiant exposure. However, the reduction of the surface area of the fiber
tip by a factor of 8 only results in decreasing the bubble diameter by a factor of
2. The other method is to dilute the blood by applying a saline flush during laser
procedure [112].

This study provided evidence that bubbles of the same size could result in
similar hydrodynamic pressure. This finding demonstrated that a small fiber
could be used to create the same displacement of intravascular fluids with lower
energy as that created by a larger fiber with higher energy proposed in Chapter

3.
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4.5 Conclusion

In this chapter, experimental evidence that similar hydrodynamic pressures
could be generated using a small fiber with lower energy rather than using a
larger fiber with higher energy has been shown. The theoretical model proposed
in a previous chapter was applicable to estimate the bubble volume. The volume
of laser-induced bubbles increased as the laser energy and absorption coefficient
increased. The bubble formation was relatively independent of the liquid prop-
erties when the bubbles were formed on the ablation targets under clear liquids.
The bubble formation in absorbing liquids strongly depended on the material
properties. The mechanical strength of the ablation targets affected the bubble
geometry, and the bubble became more elliptical after it reached its maximal
dimension for the harder targets. The high-speed shadowgraphs showed that the
series of individual stroboscopic pictures could be used for the characterization
of the cavitation events, although it took at least 12 times longer to photograph
the process using the flash photographic setup than using a high-speed electronic

framing camera.
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Figure 4.1: Schematic of experimental setup for flash photography and acoustic

measurement.



Top View of High-speed Photographic System

video

‘/ camera .
Argon ion laser
(415nm)
/\ —

/] o v a

Neutral
attenuating
1cm cuvette wheel

/\ electronic
framing camera [CCD 4|

Video Camera View of Cuvette

water | 1mm
colored |
layer

gel

Figure 4.2: Schematic of high-speed photographic system.
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Figure 4.3: Acoustic signal due to bubble formation in an absorbing liquid by
a one microsecond laser pulse. The acoustic signal was detected by placing a
PVDF transducer under a plastic bottle filled with the absorbing liquid. The
transducer signal was amplified and then was displayed on an oscilloscope.
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Figure 4.4: Measured bubble width as a function of delay time after the laser
pulse using different pulse energies. Plotted data are the average of three measure-
ments. Error bars represent the standard deviation. Laser pulses were delivered
into a 300 cm ™! oil solution via a 1000 ym fiber.
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Figure 4.5: Bubble growth and collapse after the laser pulse. Plotted data are
the average of three measurements. Error bars represent the standard deviation.
100 mJ pulses were delivered into the oil solutions through a 1000 pum fiber.
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Figure 4.6: Bubble width as a function of delay time after the laser pulse for
different fibers at constant radiant exposure (127 mJ/mm?). Plotted data are
the average of three measurements. Error bars represent the standard deviation.
Laser pulses of 9-100 m.J were delivered into a 300 cm ™! oil solution through fibers
of 300-1000 pm respectively. Some error bars are smaller than the symbols.
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Figure 4.7: The cavitation bubble width versus relative acoustic signal (normal-
ized to the value measure at 100mJ laser energy via a 1000 um fiber). The
absorption coefficient was 300 cm ™. Single pulses of 30-100mJ laser energy were
delivered through a 1000 um fiber. The acoustic signal errors are the standard
deviation of 5 measurements. The standard deviation for the bubble width was
smaller than the squares.
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Figure 4.8: The effect of laser energy on the acoustic transients normalized to the
value at 100mJ via a 1000 pum core diameter fiber. The relative signal plotted
versus laser energy. The absorption coefficient was 300 cm™!. Single pulses of
60-100mJ laser energy were delivered through optical fibers with 300, 600, and
1000 um diameter respectively. The numbers present fiber core diameter. All

data are meantstandard deviation of 5 measurements.
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Figure 4.9: Ratio of maximal bubble volume to fiber surface area as a function
of the ratio of incident radiant exposure and measured threshold for bubble for-
mation in medicated oil solutions. Single pulses of 9-60 mJ were delivered into
oil solutions (50-300cm™') via fibers (300-1000 ym). The ratio of input radiant
exposure and the measured threshold (F,/F,) was about 10.
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Figure 4.10: Measured bubble width and height as function of time. Single pulses
of 50mJ were delivered onto the absorbing gelatin surface (100cm™!) through
clear water and oil via a 300 ym fiber. Error bars represent the standard deviation
of three measurements.
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Figure 4.11: Flash photographs in side view of bubble growth and collapse on ab-
sorbing gelatin surface after the laser pulse. Single pulses of 50 mJ were delivered
onto absorbing gelatin surface (3.5% 60 bloom, 100cm™!) through clear water
via a 300 um fiber. The fiber tip was placed 1 mm above the gelatin surface.
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Figure 4.12: Flash photographs in side view of bubble growth and collapse on ab-
sorbing gelatin surface after the laser pulse. Single pulses of 50 mJ were delivered
onto absorbing gelatin surface (3.5% 300 bloom, 100 cm™!) through clear water
via a 300 um fiber. The fiber tip was placed 1 mm above the gelatin surface.
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Figure 4.13: Side view of high-speed shadowgraphs of bubble formation on the
absorbing gelatin surface (3.5% 60 bloom, 100 cm™'). The laser parameters were
the same as those used in Figure 4.11.
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Figure 4.14: Side view of high-speed shadowgraphs of bubble formation on the
absorbing gelatin surface (5% 300 bloom, 100 cm™!). The laser parameters were
the same as those used in Figure 4.12.
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Figure 4.15: The bubble width as function of time after the laser pulse for 3.5%
60 bloom gelatin and 5% 300 bloom gelatin. Error bars represent the standard
deviation of three measurements.
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Figure 4.16: Flash photographs in side view of bubble growth and collapse on
absorbing gelatin surface after the laser pulse. Single pulses of 50 mJ were deliv-
ered onto the surface of clear gelatin (3.5% 60 bloom) covered with a 300 cm™!
oil solution via a 1000 ym fiber. The fiber tip was slightly in contact with the

gelatin surface.
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Figure 4.17: Flash photographs in side view of bubble growth and collapse on
absorbing gelatin surface after the laser pulse. Single pulses of 50 mJ were deliv-
ered onto the surface of clear gelatin (3.5% 300 bloom) covered with a 300 cm ™!
oil solution via a 1000 ym fiber. The fiber tip was slightly in contact with the

gelatin surface.
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Figure 4.18: Side view of bubbles of the same width generated by 300, 600,
and 1000 um fibers respectively. Single pulses of 33 mJ, 50 mJ, and 100 mJ were
delivered into a 300 cm™! oil solution. The bubbles were formed right at the fiber
tips.
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Figure 4.19: Flash photographs in side view of bubble formation in the absorbing
oil solution. Single pulses of 33 mJ were delivered into a 280 cm™! oil solution via
a 300 pm-fiber.
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Figure 4.20: Flash photographs in side view of bubble formation in the absorbing
oil solution. Single pulses of 100 mJ were delivered into a 280 cm™! oil solution
via a 1000 ym-fiber.
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Figure 4.21: Side view of bubble formation in a 300 cm™" oil solution confined
in a 3mm silicone tube. The laser parameters were the same as those used in
Figure 4.19.
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Figure 4.22: Side view of bubble formation in a 300 cm™" oil solution confined
in a 3mm silicone tube. The laser parameters were the same as those used in
Figure 4.20.
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Figure 4.23: Side view of bubble formation in a semi-infinite space (top panel)
and in a 3mm tube (bottom panel). Single pulses of 100 mJ was delivered into
a 300cm~! water solution via a 1000 um fiber. The maximal bubble diameter
and dilation of the tube wall were observed at 300 us and 60 us respectively after

the laser pulse. The invagination of the tube was 84% of the initial value about
900 us after the laser pulse.
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Figure 4.24: Maximal bubble width (A) and the corresponding time (B) as a
function of laser energy. The error bars represent the standard deviation of three
measurements. Some error bars are smaller than the symbols.
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Figure 4.25: Maximal bubble width (A) and the corresponding time (B) as a
function of absorption coefficient. The error bars represent the standard deviation
of three measurements. Some error bars are smaller than the symbols.
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Figure 4.26: Side view of a bubble formed on a plastic plate.
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BUBBLE WIDTH
LiQuip Density  Viscosity | in Liquid on Gelatin
mg/mm? cP mm mm
Water 0.992 0.653 3.9 5.540.2
Mineral oil 0.86 29.67 2.2 5.4+0.2
Contrast Medium 1411 13.34 — 5.240.3

Table 4.1: Variation in maximum bubble size when formed in 300 cm™! liquids
or under clear liquids on 300cm™! gelatin. The bubbles formed in liquids were
confined by a 3mm tube, and consequently are smaller than bubbles formed in
lcm cuvettes because of the presence of tube boundaries. The errors are the
standard deviation of three measurements.
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Chapter 5

Particle Image Velocimetry

5.1 Introduction

In this chapter, experiments are described to investigate the flow pattern
around laser-induced cavitation bubbles near a soft boundary. The bubbles were
formed either at a fiber tip or on a target depending on where the laser energy
was absorbed. The interest in the flow pattern and the speed of the flow motion
during the expansion and collapse of the bubbles arises from their importance in
photomechanical drug delivery.

A number of optical techniques have been used to extract quantitative in-
formation about the velocity components in a flow field [113]. For example,
interferometry, schlieren and shadowgraph have contributed tremendously to the
understanding of fluid motion. The serious limitation with these techniques is
that of involving path integration and hence they cannot be used to characterize
complex or unsteady flow fields except in limited circumstances. Conventional

flash photography and high speed photography have been widely used for the
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dynamics of laser-induced cavitation or cavitation bubbles [3,76,89,98 114-116].
Unfortunately, a major limitation associated with these techniques is that it is
impossible to track the temporal evolution of a fluid flow surrounding the bubble.
To overcome this limitation, Vogel et al. demonstrated that the combination of
particle image velocimetry (PIV) and high speed photography could be used to
investigate the cavitation bubble dynamics near a solid boundary [117].

The particle image velocimetry has emerged over the past decade. It involves
extracting velocity information by measuring the displacement of these particle
images over a known period of time, which depends on the interaction between
radiation and particles to record the location of each particle. There are two
mechanisms involved in PIV: scattering and diffraction. Assuming the particle
does not absorb light, all of the light that falls within the cross-sections of the
particle is scattered. An additional amount of light is scattered by diffraction
around the edge of the particle. The basic assumption for PIV is that the motion
of the particles accurately represents the fluid motion.

In this study, the images of the particle trajectories were recorded using a
CCD camera. The use of a CCD camera makes nearly real-time displays of
stored information possible, which is helpful for monitoring the quality of images
as experimental conditions change. The aims of this study were to measure the
velocities near laser-induced cavitation bubbles and to investigate the hydrody-
namic flow pattern during the bubble formation for the improvement of localized

drug delivery.
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5.2 Materials and Methods
5.2.1 Laser Radiation

The experimental arrangement is outlined in Figure 5.1. A flashlamp-pumped
dye laser (Palomar Medical Technologies) operating at 577 nm was used to create
cavitation bubbles. The pulse duration was 1.3 us (full width at half maximum).
The laser pulses were delivered via a 1000 um fiber. The laser energy was 60 mJ
for the laser absorption on a target and 30 mJ for the laser absorption at the fiber
tip (Figure 5.2). The light source for PIV was an argon-ion laser (Model 171,
Spectra-Physics). Laser output was in the 2-8 W range before passing through

an acousto-optic modulator (AOM-403c, Intra Action).

5.2.2 Cavitation Bubble Generation

The cavitation bubbles were formed either on gelatin (Figure 5.2(a)) or at
the fiber tip (Figure 5.2(b)). Laser absorption on gelatin was achieved by adding
a light absorbing dye. Absorption at the fiber tip was achieved by painting a
thin light absorbing layer (<200 zm) on the end face of the fiber tip. This made
it possible to simulate the bubble formation typically found in light absorbing
liquids and simultaneously allow visualization through the water. The fiber was
located 1 mm above the gelatin target. The gelatin samples were covered with

distilled water seeded with scatterers.
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5.2.3 Thrombus Model

The thrombus was modeled using 10% gelatin (300 bloom). The percentage
was determined by the weight ratio of gelatin to water. Samples were clear or blue
color made by adding a dye (direct blue 15, Sigma). The gelatin-water mixture
was heated to 60°C with stirring until it became clear, and then sufficient dye was
added to achieve the desired absorption coefficient. For example, samples with
300cm™! could be made by adding 40 mL of distilled water, 4g of the gelatin,
and 0.231g of the dye. Liquid gelatin samples were poured into 1cm cuvettes

and molded to form 2-3 cm thick thrombus models with planar geometry.

5.2.4 Scattering Particles

The fluid was seeded with polymer microspheres (Duke Scientific) with an
average diameter of 25 um. These particles had nearly the same density as water
(1.05g/ cm 3). Therefore, the particles would follow the flow arising from the
expansion and collapse of cavitation bubbles. These particles were clear and
did not absorb the laser energy, but could be visualized by the light that they
scattered. The concentration of scatterers was about 3x10* scatterers/ mL. Tt
was difficult to ensure good spatial resolution in the analysis of the fluid velocity

field if the concentration was greater than this value.

5.2.5 Particle Image Velocimetry

The laser beam from the argon laser was chopped by the acousto-optic mod-

ulator to generate a first-order diffracted beam. The modulator was driven by
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a combination of a pulse generator (Model 8011A, Hewlett-Packard) and a de-
lay generator (Model DG535, Stanford Research Systems). Thus, pulse trains of
variable length, pulse separation, and pulse number could be obtained. By select-
ing the separation time, I refer to this as the time coding, I produced an image
of the particle trajectory as series of dots and dashes. From this coded image,
the velocities of particles near the cavitation bubbles could be determined. The
modulated laser beam was focused horizontally by a bi-convex lens with a focal
length of 38.1 mm and expanded vertically by a cylindrical lens with 40 mm focal
length. A light sheet of 10 mm height and 200 gm thickness was produced that
passed through the center of the cavitation bubble. The particle track images
were captured with a CCD camera (XC-57, Sony) through a microscope (SZ6045,
Olympus). The camera was oriented perpendicular to the light sheet. The direc-
tion of particle trains was determined by setting different intervals between the

last pulse and previous sequential pulses (see Figure 5.3).

5.2.6 Flash Photography

Conventional single event flash photography was used to orient each PIV
image. Each picture was a single event and reproducible. A strobe (MVS-2601,
EG&G) was used for illumination at an adjustable delay time controlled by the
digital delay generator. The generator was triggered by the laser pulse using a
photodiode (UDT Instruments) that was attached to the laser delivery fiber. The
delay time was defined as the period between the end of the laser pulse and the

peak of the flash of light from the strobe. The fluid was not seeded for flash
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photography.

5.3 Results

I investigated the cavitation bubble dynamics during the bubble expansion,
collapse, and several milliseconds after the collapse using PIV. Two sets of ex-
periments were performed based on where the bubbles formed due to the laser
absorption on the gelatin target and at the fiber tip.

Figures 5.4-5.6 show the PIV /flash photography for the laser absorption on
gelatin. Figure 5.4 shows a typical multiple exposure photograph of the flow
around a cavitation bubble and the corresponding flash photographs. The flow
around the bubble was moving away from the gelatin surface along with the
bubble expansion. The measurements indicated that the velocity of particles
near the bubble slowed down significantly when the bubble reached its maximum.
The dynamic range was about 5-12m/s. Figure 5.5 shows the evolution of the
flow near a cavitation bubble during the bubble collapse phase. The maximum
velocity during this phase was comparable to that during the bubble expansion.
The flow moved away from the gelatin target. Figure 5.6 shows the flow patterns
after a comparatively longer time (several milliseconds) after a laser pulse. The
particles moved slowly at an average speed of 0.1 m/s. The presence of several
vortices around the fiber tip were observed.

Figures 5.7-5.9 show the PIV/flash photography for the laser absorption at
the fiber tip. Figure 5.7 shows a typical multiple exposure photograph of the flow

around a cavitation bubble and the corresponding flash photographs. Unlike the
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previous case (laser absorption on target), the flow around the bubble was moving
towards the gelatin surface along with the bubble expansion. The measurements
indicated that the velocity of particles near the bubble slowed down when the
bubble reached its maximum. The dynamic range was about 9-12m/s. The flow
also slowed down to 7m/s near the boundary (dashed line). Figure 5.8 shows
the evolution of the flow near a cavitation bubble during the bubble collapse
phase. The measurements indicated that the velocity of particles near the bubble
slowed down to 5m/s near the boundary (dashed line). The maximum velocity
during this phase was comparable to that during the bubble expansion. The
flow moved towards the gelatin target. Figure 5.9 shows the flow patterns after a
comparatively longer time (several milliseconds) after a laser pulse. The particles
moved slowly at an average speed of 0.2m/s. The particles moved away from the
gelatin surface rather than towards the gelatin surface. The presence of several

vortices around the fiber tip was observed.

5.4 Discussion

This study demonstrated that PIV photography is a useful method for the
investigation of the photomechanical drug delivery process. One can obtain more
information about the flow behavior near the cavitation bubble and the target by
PIV photography than by conventional flash photography, especially when the
bubble reaches its maximum size and interacts with the target. For example, it
is impossible to measure the velocity of flow as it interacts with the target from a

conventional flash photograph (c.f., Figure 5.8). However, it is easy to determine
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the velocity with PIV photography.

The measurements showed that the particle velocities slowed down as the
cavitation bubble reached its maximum size. The velocities of particles also
slowed when the flow interacted with a target because of the resistance from
the target. The momentum of particles decreased to about 16% of their initial
value. The difference in the velocities may provide the crucial information related
to photomechanical drug delivery. The question of how fast the particles must
move towards the target to penetrate into the gel remains and requires further
investigation.

Velocities of particles were within a range of 5-12m/s during expansion and
collapse. A study by Vogel et al. demonstrated that velocities of particles around
laser-induced cavitation bubbles ranged between 2-30m/s during their collapse
near a solid boundary [117]. The cavitation bubbles were generated by focusing
pulses of 100400 mJ from a passively Q-switched ruby laser into a cuvette with
distilled water. However, in the present study the first PIV image was taken about
10 us after the laser pulse. The particle velocity might be greater than 100 m/s at
that time assuming the particles were initially located on the fiber surface or the
gel surface since the flash photographs showed that the bubble wall was about 0.4—
0.6 mm away from the fiber surface or the gel surface about 10 us after the laser
pulse. This observation may imply that the loss of flow momentum was caused
by the pressure from the surrounding liquid, and the transient displacement of
the vapor cavity initiated the flow motion. Unfortunately, the particle velocity at

this early stage could not be determined in the present study due to limitations
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of the photographic setup.

The problem of directional ambiguity was resolved by using multiple expo-
sures with variable pulse separation. This technique permits the unambiguous,
instantaneous, two-dimensional measurement of velocity near the laser-induced
cavitation bubbles in a single frame.

PIV photography showed clearly that the major direction of hydrodynamic
flow changed during the bubble expansion and collapse (i.e., towards the target),
and at a certain time after the collapse (i.e., away from the target) as the bubble
was formed at the fiber tip. However, it was not clear whether the majority
of flow moved towards the target when the bubble was formed on the target
although the flow surrounding the bubble moved along with the bubble during
its contraction.

The flow patterns suggested that the drug could be delivered into clot or vessel
wall radially no matter where the cavitation bubbles were formed since both laser
absorption on the target and at the fiber tip could cause the flow to move radially.
The drug could be delivered axially as the cavitation bubble formed at the fiber tip
(i.e., in a light absorbing liquid). However, whether the drug could be delivered
axially when the bubbles were formed on the target needs further investigation.
This study showed that the laser energy used was significantly different for both
laser absorption on the target and at the fiber tip although the maximum velocity
was comparable each other. A possible explanation is due to the boundary effect
of the fiber tip. The initial thermoelastic wave could only be released away from

the fiber surface because of the rigid fiber. This finding suggests that less energy
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is needed to generate similar velocity if the bubble is formed at the fiber tip,
which may benefit some medical applications where less energy is required.

In conclusion, I demonstrated that PIV photography allows the visualization
of the photomechanical drug delivery process. The flow pattern depends on
where the cavitation bubbles are formed. The particle velocity near the cavitation
bubbles range from 0.1-12m/s. The maximum velocity of particles is comparable

to the bubble expansion and collapse speed.
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Figure 5.1: Experimental setup for time-resolved PIV of the flow around a laser-

induced cavitation bubble.
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Figure 5.2: Schematic illustration of two configurations for cavitation bubble
generation. (a) Laser absorption on gelatin. (b) Laser absorption at the fiber tip.
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Figure 5.4: PIV/flash photograph of a cavitation bubble near a gelatin target
10-100 us after a laser pulse. A 60mJ laser pulse was delivered via an optical
fiber with a 1000 um core diameter. The maximum bubble diameter was 2.5 mm
at 100 us. The marked velocity was the average for this specific particle train
during the bubble expansion. The white bar presents 1 mm in length. The white
dashed line indicates the surface of the gelatin target. Five exposures were used
with the presented pulse profile.
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Figure 5.5: PIV/flash photograph of a cavitation bubble near a gelatin target
400-485 us after a laser pulse. A 60mJ laser pulse was delivered via an optical
fiber with a 1000 um core diameter. The marked velocity was the average for this
specific particle train during the bubble collapse. The white bar presents 1 mm
in length. The white dashed line indicates the surface of the gelatin target. Five
exposures were used with the presented pulse profile.
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Figure 5.6: PIV/flash photograph of a cavitation bubble near a gelatin target
1-18.5ms after a laser pulse. A 60mJ laser pulse was delivered via an optical
fiber with a 1000 um core diameter. The marked velocity was the average for this
specific particle train during post bubble collapse. The white bar presents 1 mm
in length. The white dashed line indicates the surface of the gelatin target. Ten
exposures were used with the presented pulse profile.
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Figure 5.7: PIV/flash photograph of a cavitation bubble near a gelatin target
25-100 us after a laser pulse. A 30mJ laser pulse was delivered via an optical
fiber with a 1000 yum core diameter. The maximum bubble diameter was 3.2 mm
at 100 us. The marked velocity was the average for this specific particle train
during the bubble expansion. The white bar presents 1 mm in length. The white
dashed line indicates the surface of the gelatin target. Five exposures were used
with the presented pulse profile.
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Figure 5.8: PIV/flash photograph of a cavitation bubble near a gelatin target
400470 us after a laser pulse. A 30mJ laser pulse was delivered via an optical
fiber with a 1000 ym core diameter. The marked velocity was the average for this
specific particle trains during the bubble collapse. The white bar presents 1 mm
in length. The white dashed line indicates the surface of the gelatin target. Five
exposures were used with the presented pulse profile.
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Figure 5.9: PIV/flash photograph of a cavitation bubble near a gelatin target
1-4.2ms after a laser pulse. A 30mJ laser pulse was delivered via an optical
fiber with 1000 um core diameter. The marked velocity was the average for this
specific particle train during post bubble collapse. The white bar presents 1 mm
in length. The white dashed line indicates the surface of the gelatin target. Five
exposures were used with the presented pulse profile.
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Chapter 6

Drug Delivery with Microsecond
Laser Pulses into Gelatin and

Porcine Aorta

6.1 Introduction

Pharmacological therapy for the treatment of restenosis, thrombosis, and is-
chemic heart diseases may eventually become clinically practical through the lo-
calized delivery of therapeutic agents [118-120]. A primary advantage of localized
drug delivery over traditional drug delivery is that, with the former, side-effects
such as bleeding or stroke can be avoided, because high concentrations of pharma-
cologic agents are delivered directly to the treatment site with minimal systemic
exposure to the medication. Localized drug delivery for vascular applications
is typically achieved using balloon-based catheter systems [63, 64,67, 119, 121].
For example, a double-balloon catheter is used for delivering drug into vessel

wall tissue by inflation of two balloons in an artery with a pressurized drug-filled
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volume between them [119]. The primary problems associated with current in-
vestigational systems are their cumbersome size and long inflation times as well
as the risk of medial injury occurring during the balloon inflation process, thus
potentially limiting the benefits of localized drug delivery.

Photomechanical drug delivery is a technique for delivering drugs to localized
areas [2,3]. Unlike the techniques for enhancing local delivery of molecules that
use laser-induced shock waves [77,122], photomechanical drug delivery uses a laser
pulse to generate a cavitation bubble in a blood vessel owing to the absorption of
laser energy by targets (e.g., blood clots) or surrounding liquids (e.g., blood). The
cavitation bubble expands and collapses hundreds of microseconds after the laser
pulse. The hydrodynamic pressure arising from the expansion and collapse of the
cavitation bubble can force the drug into the clot or the vessel wall. One can
perform photomechanical drug delivery by timing the laser pulses to be coincident
with an injected bolus of drug. The delivery system for photomechanical drug
delivery could consist of only two elements: an optical fiber or light guide for
delivering laser pulses and catheter tubing for injecting drugs. A fluid-core laser
catheter has been used to remove thrombus (blood clot) with a pulsed dye laser
without damaging the vessel wall tissue [55]. Photomechanical drug delivery
with such a fluid-core laser catheter may be an alternative method to current
techniques for localized drug delivery.

Previous studies have established that cavitation bubbles can be formed in
a liquid or on a solid target, depending on where the laser energy is absorbed.

Cavitation bubbles play an important role in pulsed laser ablation of tissue and
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in laser lithotripsy [76,89,98,116]. van Leeuwen et al. demonstrated that cavi-
tation bubbles make it possible to ablate tissue in a noncontact mode through a
layer of blood or saline, and the forceful expansion of a cavitation bubble induces
mechanical damage in adjacent tissue in the form of dissections [76]. A study by
Vogel et al. suggested that cavitation-induced dilatation of vessel walls occurring
in pulsed laser angioplasty can be prevented by division of the laser pulse energy
into a prepulse with low energy and an ablation pulse with high energy [89]. Rink
et al. reported that cavitation bubble collapse is the governing factor for fragmen-
tation and disruption during laser lithotripsy with microsecond laser pulses [98].
The stone is progressively fragmented by stresses exceeding its tensile strength
and by fatigue. In clinical trials of laser thrombolysis, Gregory suggested that
the removal of thrombus might be attributed to the acoustic phenomena from
vaporization and ejection of materials [1]. Francis et al. recently demonstrated
that ultrasound could be used to accelerate the transport of fibrinolytic agents
into clots as a result of the ultrasound effects mediated by cavitation and mi-
crostreaming [75]. However, whether the laser-induced hydrodynamic pressure
can be used to drive drugs into thrombus or tissue for localized drug delivery
remained to be investigated.

This study was motivated by the possibility of using laser-induced hydrody-
namic pressure to drive clot-dissolving enzymes into clots or vessel wall tissue
for the enhancement of laser thrombolysis. Specifically, the aim of this study
has been to identify the mechanisms of photomechanical drug delivery through

investigating how the target material, laser energy, absorption coefficient, fiber
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size, repetition rate, and number of pulses affect the spatial distribution of pho-
tomechanically delivered drug. The process of photomechanical drug delivery
was visualized by use of flash photography, and the acoustic pressure transients
were measured with a piezoelectric polyvinlyidenefluoride (PVDF) transducer.
Photomechanical drug delivery was studied with gelatin-based thrombus mod-
els that eliminated the biological variation of thrombus and provided transparent
samples for spatial distribution measurement. Solutions of a hydrophobic red
dye in mineral oil were irradiated with a microsecond laser pulse to initiate drug
delivery. We found that photomechanical drug delivery was associated with cav-
itation bubble formation and sound emission and that the deepest penetration

followed the collapse of the cavitation bubble.

6.2 Materials and Methods

6.2.1 Laser Delivery

A flash-lamp-pumped dye laser (Palomar Medical Technologies) operating at
504 nm was used to create cavitation bubbles (Figure 6.1). This wavelength cor-
responded to the peak absorption of the light-absorbing dye used. The pulse
duration was 1.3 us (full width at half maximum). The laser energies varied from
30 to 100mJ. Pulse-to-pulse energy variation was less than 5%. The repetition
rate ranged from 1 to 10 Hz. The laser pulses were delivered by means of step-

index fused-silica optical fibers with 300-1000 ym core diameters. The light was
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always absorbed by the liquid surrounding the fiber tip. Three irradiation con-
figurations were used. First, a flat optical fiber tip was perpendicular to a planar
target (Figure 6.2a). Second, a flat optical fiber tip was coaxial with a cylindri-
cal channel (Figure 6.2b). Third, a side-firing fiber (MicroQuartz Sciences) was
coaxial in a cylindrical channel, but with irradiation perpendicular to the axis of

the channel (Figure 6.2c)

6.2.2 Preparation of Thrombus Models

The thrombus was modeled with 3.5% gelatin (60-300 bloom). The percent-
age was determined by the weight ratio of gelatin to water. The bloom number
is the standard method for indicating the toughness of gels and is a measure
of surface tension. Higher bloom numbers indicate stronger gels. No attempt
was made to correlate the bloom number with any specific clots in this study,
although the range studied was similar to that of typical clot toughness. The
gelatin-water mixture was heated to 60°C with stirring until it became clear.
Liquid gelatin samples were poured into 1cm cuvettes and molded to form 2—
3cm thick thrombus models with planar or cylindrical geometries. To simulate
cardiovascular applications, the channels were constructed ~2mm in diameter
under the assumption that some narrowing of the normal 2—4 mm adult human
coronary artery is likely in a thrombotic lesion. The samples were transparent,
and it was easy to use light microscopy to discriminate any colored substances

from clear gelatin.
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6.2.3 Preparation of Drug Models

I used solutions of a hydrophobic dye (D&C Red #17, Warner-Jenkinson) in
mineral oil (Paddock Laboratories) as a model for the drug. The hydrophobic
dye was used because the gels were water based and staining of the surface by
the dye was undesirable. I added the dye to the mineral oil to achieve the desired
absorption coefficient. I observed that no dye passively diffused into gelatin in
control samples. The absorption coefficient of a solution was linearly proportional
to the concentration of the dye in the oil: 0.0367 g of dye in 30 mL oil gave an

1at 504nm. The absorption coefficients in our

absorption coefficient of 300 cm™
experiments varied from 50 to 300 cm™!. The dye-oil mixture was heated to 100°C
with stirring until the appearance became uniform and was then cooled to room
temperature. A solution of 300 cm™! was saturated at room temperature after 4
hours when the dye began to precipitate, and the absorption coefficient dropped

to 250 cm™!. The use of a sonicator (Medelco) for 10 min after the dye-oil solution

was heated delayed the precipitation time for at least another hour.

6.2.4 Spatial Distribution Measurement

Planar Geometry

All planar targets were covered with 1.5 ¢cm of colored oil. The target was clear
gelatin ~2 cm thick. Ten laser pulses were delivered through an optical fiber into
the colored oil for each experiment (except in the study involving pulse number, in
which 10-100 pulses were delivered). The fiber tip was positioned 1-5 mm above

the target surface, as shown in Figure 6.1. The laser energy output was measured
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with a joulemeter (J50LP, Molectron Detector) before and after each irradiation.
Following photomechanical drug delivery, the samples were measured under a
stereo-optical microscope (SZ6045, Olympus). The stained areas in the clear gels
indicated the presence of photomechanically delivered colored oil. Figure 6.2(a)
shows how the spatial distributions of colored oil in the gelatin were measured.
The stained areas consisted of two parts: a hemisphere with width w and height
hmix, and some colored cracks extending a depth hepack. The distances w, Ay, and
herac Wwere measured on all four sides of each sample. The spatial distribution of
the colored oil in the gels was measured as functions of laser energy (30-100 mJ),
absorption coefficient of the oil (50-300 cm™1), fiber size (300-1000 um), gelatin
strength (60-300 bloom), repetition rate (1-10Hz), pulse number (1-100), and

fiber position (1-5mm above the ablated target).
Cylindrical Geometry

A clear gelatin sample with a 2 mm cylindrical channel was filled with colored
oil. Fifty laser pulses were delivered coaxially through a cleaved fiber tip or
perpendicularly through a side-firing fiber tip. The fiber tip was located in the
middle of the channel. Following laser irradiation, the gel samples were carefully
removed from the cuvette and then fixed in 10% formalin. They were then
sectioned into 2 mm thick slices through both the irradiated and the nonirradiated
sites after the colored oil in the channel was washed away with the formalin.
To assess whether the process of photomechanical drug delivery could enhance

intravascular recanalization, we measured the lumenal areas and then compared
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them with control data measured from non-irradiated sections. The uniform
penetration of colored oil in the gels was defined as hS%*, whereas the colored

mix

cracks underneath h$* were defined as A2 . The measuring method is shown

in Figure 6.2b.

6.2.5 Visualization of Photomechanical Drug Delivery

Photomechanical drug delivery was visualized with flash photography (Figure
6.1). A triggerable CCD camera (CV-251, Protec) was used to photograph the
processes. Each picture was a single event and was repeated three times for
each parameter set. The bubble size was reproducible to 5% before the bubble
collapse. The appearance of cavitation bubbles varied widely after the bubble
collapse. A strobe (MVS-2601, EG&G) with a 5 us pulse duration (full width at
half-maximum) was used for illumination at an adjustable delay time (10-5000 ps)
controlled by a digital delay generator (DG535, Stanford Research Systems).
The generator was triggered by the laser pulse by use of a photodiode (UDT
Instruments) that was attached to the laser delivery fiber. The delay time was
defined as the period between the end of the laser pulse and the peak of the flash

of light from the strobe.

6.2.6 Acoustic Pressure Measurement

The acoustic pressure measurements were intended for relative measurements
of the acoustic pressure transients created by different laser parameters. A PVDF

transducer (Hydrosonics) with a rise time of ~1 us was placed under the cuvette
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(Figure 6.1). The acoustic signals were recorded on a digital storage oscilloscope
(DSA 602A, Tektronix) through an amplifier (Hydrosonics). Only the maximum
signals were recorded for the comparative study of the acoustic pressure tran-

sients.

6.2.7 Photomechanical Drug Delivery to Porcine Aorta

Photomechanical drug delivery to arterial tissue was evaluated by delivering
blood and a 300 cm ™! oil solution onto porcine aorta. The porcine aorta specimens
were divided into 2 cm x4 cm and pinned to paraffin slabs. The inner surface was
facing up for laser irradiation. Marker pins were placed 1cm intervals before
submerging the specimens under ~2 cm of heparinized blood or the oil solution,
leaving the marker pin exposed. The marker pins were used to direct the fiber
to the ablation site. 50-100 laser pulses of 50-100mJ via a 1000 um fiber that
was 1 mm above the specimens. Following laser irradiation, the specimen was
removed and carefully washed with normal saline and then fixed in formalin.
The specimens were studied under scanning electron microscopy and fluorescence

microscopy.

6.2.8 Statistical Evaluation

All values are expressed as mean + standard deviation. The statistical sig-
nificance of differences in the penetration of photomechanically delivered dye in
gels was determined by a two-tailed Student’s t-test. An unpaired t-test was

used to analyze the data as each parameter varied. Differences were considered
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significant at p< 0.05.

6.3 Results

6.3.1 Spatial Distribution Measurement

For simplicity, most of experiments were conducted on the samples with planar
geometry. A cylindrical geometry was used to simulate the boundaries of vessel
walls and to show the clinical possibilities of photomechanical drug delivery. The
effects of laser parameters on photomechanical drug delivery were qualitatively
the same for planar and cylindrical geometries, but the penetration was less in
the cylindrical case. I defined w and w®** as stained width (Figure 6.2). The

parameters Amix, Aerack, P, and ho were defined as penetration.

Planar Geometry

The spatial distribution measurements are summarized in Table 6.1. As the
parameters increased, some increased the penetration (laser energy, absorption
coefficient, and pulse number), some decreased the penetration (gelatin strength,
fiber size, and the distance between the fiber and target surface), and one pa-
rameter had no significant effect on penetration (repetition rate).

Both penetration depths Ay and heack increased significantly with increases
in laser energy, absorption, and number of pulses. The penetration h,,;, increased
linearly, and h¢ sk increased with a steadily increasing slope. The stained width
w was relatively independent of the laser energy and absorption coefficient, but

it increased significantly as the number of pulses increased.
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Increasing the gelatin strength, spot sizes, and the distance between a fiber tip
and target surface caused both the penetration and the stained width to decrease
significantly. Linear decreases in h;, were observed, whereas h¢..qc decreased
with steadily decreasing slope for each parameter. I found that the colored oil
was easily driven into the low strength gel samples following irradiation. For
example, the colored oil was driven into the weaker gel (60 bloom) after one
or two pulses, but at least five pulses were needed to push the colored oil into
the stronger gel samples (300 bloom). I observed that during irradiation with
a 300 um fiber the solution was explosively ejected and the solution in front of
the fiber tip became dark, i.e., it was burnt. Irradiation with a 600 um fiber
was more violent than that with a 1000 ym fiber, but no explosive ejection was
observed. The repetition rate did not affect the penetration (p = 0.15 ~ 0.95) or

the stained width (p < 0.4) significantly.

Cylindrical Geometry

A cleaved fiber tip (300 um in core diameter) was used to deliver 50 laser
pulses of 30mJ at 3Hz into the light absorbing liquid (300 cm™?) coaxially. The
target was 3.5% gelatin (175 bloom). After laser irradiation, the lumen area
increased up to 125%, and the colored oil was driven into the gels up to 1.5mm
(heea in Figure 6.2b). The maximum depth A2 of uniformly stained layer was
less than 250 pm. The stained width w®®* of the wall was ~4 mm. One of these

sectioned samples is illustrated in Figure 6.3.

A side-firing fiber was also evaluated. The output spot size of this tip was
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~700 pm in diameter. Fifty laser pulses of 40mJ at 3 Hz were delivered. The
corresponding radiant exposure is 104 mJ/mm?. The penetration was comparable
with that of planar geometry for the same laser parameters. The measurements
revealed that the deeper penetration was more easily achieved by side delivery
than by coaxial delivery. The light photomicrography in Figure 6.4 illustrates
that the colored oil is deeply driven into the gel (~1mm) on the light delivery

side and only superficially (<100 um) elsewhere.

6.3.2 Visualization of Photomechanical Drug Delivery

In Figure 6.5, a series of pictures shows the process of photomechanical drug
delivery on a gelatin sample (175 bloom) with planar geometry. The bubbles were
formed in colored oil (300 cm™') with 30 mJ pulses delivered through a 300 um
core-diameter fiber. This corresponds to a laser radiant exposure of 424 mJ/mm?.
The fiber tip was positioned 1 mm above the target. The camera flash occurred
from 25-1500 us after the laser pulse. The cavitation bubble initially grew and
interacted with the nearby gel. The maximum horizontal diameter of the bubble
measured 2.4 mm and was reached at 110 us. At ~250 us after the laser pulse,
the bubble shrank to a minimum size and then rebounded slightly. A second
maximum was observed at ~300 us and the bubble then shrank until ~415 us.
At ~500 us a larger and less distinct shadow was seen, which may correspond
to a final rebound of the bubble. This bubble size oscillation was reproducible.
The bubble started its final collapse to the gel at ~650 us, and the maximum

penetration into the gel was reached at about 1 ms. The shape of the bubbles was
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not reproducible after the second rebound of the cavitation bubble. Evidently,
the colored oil was driven into the gel as the result of the expansion and collapse
of the bubble, and the deeper penetration of colored oil in gels was achieved
following the collapse. I observed that the colored oil was pushed back to the
surface because of the resistance of gels when the gels with higher mechanical
strength (e.g., >175 bloom) were used during single pulse irradiation. This is
seen at 1.5 ms.

Photomechanical drug delivery on a gelatin sample (175 bloom) with cylindri-
cal geometry is shown in Figure 6.6. In this experiment, a 30 mJ laser pulse was
delivered through a 300 pm core-diameter fiber into colored oil with absorption
coefficient 300 cm™t. The channel wall was dilated during the cavitation bubble
expansion. The maximum dilation was reached after ~100 us, and amounted to
120% of the initial channel diameter. During the bubble collapse the channel
wall invaginated, and the solution in the channel was pushed away from the fiber
tip in both lateral and forward directions, which caused dilation and invagination
along the channel wall until the end of the event. It took approximately 5ms for
the channel to return its original shape after a laser pulse. The minimum diame-
ter was about 90% of the original value. I took the images on one sample rather
than on a fresh sample each time to avoid misinterpretation of initial intrasample
defects before irradiation.

Figure 6.7 shows a cavitation bubble developing between the side-firing fiber
tip and the surface of the cylindrical channel after the delivery of a 40 mJ energy

laser pulse. The corresponding radiant exposure is ~104mJ/mm?. The other
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parameters were the same as those in Figure 6.6. The images were recorded
between 25 us and 1ms after laser radiation. The cavitation bubble was formed
directly on the side surface of the fiber tip where the laser energy was absorbed.
The maximal development of the laser-induced elliptical cavitation bubble is seen
at 100 us after the laser pulse. The corresponding bubble diameter and height
were 1.7 and 1.2mm, respectively. The bubble reached its minimum size at
250 us, and penetrated ~1.5mm into the gelatin at ~1 ms. No bubble oscillation
was observed. The bubble did not penetrate the channel wall when the laser
pulse was less than a 5mJ. The bubble penetrated deeper into the gel at higher
laser energies (i.e., >40mJ). No displacement of the tip was observed during the
irradiation. In this experiment the distance between the bubble site and the
target was ~400 ym and the gelatin was as thick as 4mm. The initial channel
wall surface was not so smooth as a planar surface and was often associated with
some defects. These differences may contribute to the differences in the bubble
formation in Figures 6.5 and 6.7, although the spatial distribution measurements
were comparable. The images were taken on one sample, as explained above.
Flash photography also led to the following observations: (1) Increasing en-
ergy (Figures 6.8 and 6.9), absorption coefficient (Figures 6.10 and 6.11), and
radiant exposure (Figures 6.5 and 6.8) increase the bubble size and the penetra-
tion of colored oil in the gel and delay the time of the maximum bubble size. For
example, the bubble diameter was 2.7 mm at 110 us when a 100 mJ laser pulse was
delivered into the solution (300 cm™!) through a 1000 um fiber positioned 1 mm

above the target, whereas it was 1.6 mm at 45 us as 30 mJ of energy was delivered
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instead. (2) Increasing the target strength does not affect the bubble size unless
the expanding bubble interacts with the target (Figures 6.12 and 6.13). If this
occurs both the bubble size and the penetration of colored oil are reduced. (3)
Increasing the distance between the fiber tip and the target decreases the pene-
tration of colored oil in the gel, creates larger cavitation bubbles, and delays the
time of the maximum bubble size (Figures 6.14 and 6.11). (4) Cavitation bub-
bles formed in cylindrical channels were smaller than those formed in unbounded
solutions because of the boundary effect. (5) Multiple pulses affect the bubble
formation — sometimes making the bubbles smaller, sometimes larger compared
with the bubbles generated by single pulses (Figure 6.15). The penetration of

colored oil into the gel increases with more pulses.

6.3.3 Acoustic Pressure Measurement

Flash photography and a PVDF transducer were used to correlate the bubble
size with the pressure transients. The acoustic measurements were qualitative and
the measured pressure might be underestimated because of the slow response of
the transducer and the multiple boundaries between the initial acoustic event and
the transducer. I observed that the acoustic pressure transients were proportional
to the bubble size and that bubbles of similar size created by different-size fibers
generated similar maximum acoustic pressure transients. The acoustic measure-
ments provided a quick qualitative check of the maximum bubble size observed

visually.
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6.3.4 Photomechanical Drug Delivery to Porcine Aorta

Figure 6.16 shows a typical photo of the inner surface of porcine aorta ex-
posed to one hundred pulses of 90mJ from a 1000 um fiber placed 1 mm away
from the surface. The fluorescence microscopy of irradiated aorta samples (ex-
posed to the oil solution) revealed that a uniform moderate level of fluorescence
was even throughout most samples irradiated with 30-150 pulses of 150 mJ via a
1000 pm fiber, while the top 25-50 pm fluoresced more strongly. Considerable tis-
sue disruption (up to 800 um deep) was observed when more than 30 pulses were
delivered under scanning electron microscopy. Evidently, the fluorescence on the
surface of aorta specimens was enhanced after the photomechanical drug delivery
procedure. However, it was difficult to discriminate the autofluorescence of the
aorta sample from the fluorescence of the dye since a low level of fluorescence

occured throughout the non-laser control samples.

6.4 Discussion

The major objective of this study was to investigate the feasibility of a pho-
tomechanical technique to deliver clot-dissolving enzymes into clots to enhance
laser removal of the clots. I investigated the effects of laser parameters on the
spatial distribution of photomechanically-delivered colored oil (a drug model) in
gelatin-based thrombus models. T used clear gel samples covered with colored
oil to determine the spatial distribution of delivered drug. A stained area in

the clear gel indicated the presence of colored oil delivered photomechanically.
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No dye passively diffused into the clear water-based gels. The colored oil was
driven into the gels following irradiation, cavitation bubble formation, and sec-
ondary acoustic emission. When no cavitation bubble was formed, no gelatin
was stained. Normally, deeper penetration was accompanied by louder popping
sounds. Acoustic pressure transients were detected during the expansion and
collapse of the cavitation bubble. The spatial measurements also revealed that
higher pressures resulted in deeper penetration. These findings suggest that cav-
itation bubble formation is crucial in photomechanical drug delivery and that
acoustic events can be used as a means of monitoring the efficacy of photome-
chanical drug delivery in vivo.

This study demonstrated that the drug was most likely driven into the clot by
hydrodynamic flow that was due to the cavitation bubble formation, inasmuch
as the acoustic transients arising from the bubble formation since the acoustic
transients passed through the sample and reached the transducer before the col-
ored oil was forced into the gelatin. In this sense, the term photomechanical drug
delivery may be more appropriate for the type of drug delivery described in this
study. However, it remains unclear whether the acoustic transients contribute to
the delivery through other mechanisms that might weaken the gelatin before the
onset of hydrodynamic flows.

At least four limitations are associated with the models used in this study.
First, the gelatin-based thrombus models did not work perfectly with multiple
pulse studies because they were easily melted or fractured; real clots tend to be

more durable. Second, it may be harder to deliver oil-based dye than aqueous
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dyes because of viscosity effects. Third, the colored oil at high absorption coeffi-
cients (e.g., 300cm™!) was easily burnt when laser pulses with high energy (e.g.,
100 mJ through a 1000 ym core fiber) or high radiant exposure (>212mJ/mm?,
or, say, 60mJ through a 600 um core fiber) were used. The burnt solution sur-
rounding the fiber tip sometimes caused the photomechanical delivery process to
become nonreproducible. It was observed that the color of the solutions some-
times became darker after multiple pulse irradiation. Fourth, all cavitation events
in this model were initiated at the fiber tip. Photomechanical drug delivery may
be significantly different when the cavitation bubble is formed directly on a target

because of the absorption of the laser pulse by the target.

6.4.1 Effect of Cavitation Bubble Formation

Photoacoustically delivered colored oil in a planar geometry was uniformly
distributed as an inverted hemisphere layer and in a cylindrical geometry as a
ball-shaped profile. The uniformly stained layer looked like a dye-gelatin mixture
(i.e., the gel itself rather than small colored oil droplets became stained ) under
light microscopy and could not be washed away by clear oil or wicked off by a
piece of tissue paper. Colored cracks were formed below the uniformly stained
layer.

The shape of colored cracks was not reproducible, and the cracks were not
always associated with the uniformly stained layers. For example, no colored
cracks (i.e., herack =0) were formed by ten 60 mJ laser pulses through a 1000 pm

core fiber in a colored oil (50 cm™!), but colored cracks 400 ym in depth were
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formed by the same laser parameters when a different colored oil (300 cm™!) was
used (see Table 6.1). Light microscopy showed that the cracks were formed as the
result of defects in gel structure. No defects were observed in the position where
the cracks were formed before the irradiation. This suggests that the formation
of the uniformly stained layers and that of the cracks are mediated by separate
processes. These separate processes may be used to advantage in clinical applica-
tions. For example, drugs can be uniformly delivered into thrombus or deposited
in an arterial wall or deeply delivered into plaque underneath the thrombus by
fracture.

Colored oil in a planar geometry was driven into the gels even when the ex-
panding bubbles had no contact with the gels (although the collapsing bubble
always did). The penetration hy; increased but the stained width w remained
relatively constant when hepacx was zero (cf. Figure 6.2(a)). These observations
imply that h.;, depends on the hydrodynamic forces arising from both the ex-
pansion and the collapse. A uniform colored layer is formed when the forces are
below the yield strength of the gelatin structure, whereas cracks are formed when
the forces exceed those needed to fracture the gelatin.

Gross physical displacement of the cuvette containing the irradiation targets
occurred after the laser pulse. The magnitude of the displacement increased as
the bubble size increased. For example, the cuvette rebounded more than 2 mm
when the bubble diameter was ~4 mm, but no displacement was observed for a
1.3mm bubble. The direction was opposite that of laser delivery. The bubble

energy obtained with Rayleigh’s bubble formula [97,98,110] accounts for only a



135

small fraction of the laser energy (<1%). This raises the question: How was the
majority of the energy dissipated during the process? I hypothesize that the de-
livered laser energy is dissipated mainly through heating, phase changes, acoustic
transients, and hydrodynamic flow of liquid. Hydrodynamic flows ultimately lead

to movement of the cuvette.

6.4.2 Geometric Effect

Photomechanical drug delivery was qualitatively the same for both planar and
cylindrical geometries, but the penetration was less in the cylindrical case. Flash
photography showed that the fiber tip affected the cavitation bubble growth:
bubbles grew faster in the radial and forward directions. The bubble did not
move radially and migrated away from the fiber tip on collapse. Strong hydro-
dynamic flows were associated with the bubble collapse and may be the reason
that deeper penetration was achieved by perpendicular delivery rather than by
coaxial delivery. Collapsing bubbles migrated toward the target in both perpen-
dicular and side-firing delivery (see Figures 6.5 and 6.7). This finding suggests
that the side-firing light-delivery devices may be promising for photomechanical
drug delivery in vascular applications.

No mass removal was observed for the samples with planar geometry. How-
ever, in a cylindrical geometry light microscopy revealed that the lumen size
increased by as much as 1.5 mm after multiple pulses. I hypothesize that gelatin
removal in the cylindrical channel is due to hydrodynamic flow and to a ther-

mal effect. Hydrodynamic flow was exerted directly on the planar surface, and
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the flow passed over the channel surface in a cylindrical geometry. Melted gelatin
may resolidify at the planar surface, whereas in a cylindrical geometry the melted
gelatin may be carried away.

When the laser pulses were delivered perpendicularly, the deepest penetration
was observed in front of the fiber tip. In a channel with coaxial delivery the
deepest penetration was inside the channel wall ~1mm from the distal face of
the fiber (see Figure 6.6). This most likely is the result of bubbles’ propagating

coax

away from the fiber face. Also, bubble movement may be a reason that w®®* was
~4mm long.

The presence of boundaries reduced the maximum size of the cavitation bub-
ble. For example, a 30 mJ laser pulse delivered through a 300 um fiber created a

L col-

1.9mm diameter bubble in a 2mm diameter channel filled with a 300 cm™
ored oil (Figure 6.6), but a 2.9 mm bubble was created in an unbounded colored
oil at the same energy (picture not shown). To estimate the energy lost to the di-
latation of the channel wall after a 30 mJ laser pulse, we compared the maximum

bubble radius in both cases using Rayleigh’s bubble formula. The result indicated

that ~30% of the bubble energy was dissipated in the dilatation process.

6.4.3 Multiple-pulse Effects

A surprising observation was that the stained width on the surface was rela-
tively independent of the laser energy and absorption coefficient when laser pulses

were delivered perpendicularly. The interface (Winterface in Figure 6.5) was smaller
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than the stained width w (Figure 6.2(a)) for single-pulse events. Flash photog-
raphy revealed that the cavitation bubble sizes varied during the multiple-pulse
irradiation (see Figure 6.14). This phenomenon was supported by the acous-
tic pressure measurements. Sometimes the amplitude of acoustic signals during
multiple pulses was ten times that of a single pulse, and at other times no signal
was detected. The variation in bubble size and acoustic transient amplitude is
possibly not caused by the changes in the laser pulse energy when multiple pulses
were delivered because the variation was less than 5%. The independence of the
stained width from laser energy and absorption coefficient seems to be a side
effect of multiple pulses.

The effect of multiple pulses on both the penetration and the stained width
was significant (see Table 6.1). I found that the deeper penetrations, especially
herack and hS02% | were more easily achieved by multiple pulses than by the com-
binations of other laser parameters. Sequential bubble collapses likely weakened
the gelatin structure, and the colored oil was easily driven into fractured lines.

I observed that, when the gelatin strength was greater than 60 bloom, colored
oil could not be deposited on the gel surface with a single pulse. This finding
suggests that the oil entrainment may be caused by mechanical rather than ther-
mal means despite a high initial temperature of the cavitation bubble (above
300°C calculated by a partial vaporization theory [83,84]). Presumably signif-
icant cooling has occurred by the time the bubble reaches the gelatin surface.
Mechanical vibration owing to the hydrodynamic forces has been shown to lig-

uefy gelatin [123]. However, the thermal effect may contribute to melting during
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multiple pulse irradiation because of successive amounts of heat deposited on the
gelatin surface with each bubble expansion.

Multiple-pulse variation of bubble dimensions has been reported by van Leeuwen
et al. [124]. A new observation made in our study is that small gas bubbles
(<50 um) around the fiber tip played an important role in the bubble dynamics.
After a laser pulse, long-lasting (several seconds) small gas bubbles were often
formed around the fiber tip. Cavitation bubble size was reproducible when no
gas bubbles were present; otherwise the cavitation bubble size could change sig-
nificantly. This finding suggests that the use of degassed solution may reduce
the effect of multiple pulses on the bubble dynamics, although, of course, this is

impossible in an in vivo environment.

6.4.4 Similar Effects

The same radiant exposure using different-size fibers produces different-size
bubbles. Furthermore, the same pulse energy using different-size fiber also pro-
duces different-size bubbles. However, similar maximum cavitation bubble sizes
can be produced by different sets of laser parameters. For example, a cavitation
bubble 3.2 mm in diameter can be produced in unbounded colored oil (300 cm™!)
by a 300 pm fiber at 33mJ, by a 600 um fiber at 50 mJ, or by a 1000 um fiber at
100mJ, with an error estimate of less than 5%. The maximum acoustic signals
were similar for similar bubble sizes. Similar spatial distributions of colored oil
in gels were achieved with the three sets of parameters mentioned above when

the fibers were located 1 mm above the gelatin (175 bloom) samples.
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Alternatively, 60 mJ laser energy delivered by a 1000 um fiber and ten addi-
tional pulses (data not shown) also can be used instead of 100 mJ laser energy
to yield equal penetration. These findings suggest that similar drug delivery can
be achieved by various combinations of laser parameters. Furthermore, photome-
chanical drug delivery may be safer in a smaller laser delivery catheter because
one can use a lower energy to achieve equivalent penetration by using more pulses.

Cavitation bubble formation in this study is similar to that of a Q-switched
holmium laser in water. The absorption coefficient of water at 2.1 um is 30 cm™?.
The Q-switched pulse length is ~1 us and is therefore comparable with those
used in this study. In this study and in those of Jansen et al. the cavitation
bubbles are formed at the fiber tip after the laser pulse owing to the laser energy
absorption by the liquid [84]. The Q-switched holmium laser can be used for
photomechanical drug delivery, although Table 6.1 indicates that the penetration
will be half that of a 577nm pulsed dye laser in blood (absorption coefficient
of 300cm™!). The pulse duration for the free-running holmium laser is much
longer (~250 us) and the bubble dynamics are completely different because the
cavitation bubble is formed during the laser pulse.

This study showed that drug could be delivered into arterial tissue using pho-
tomechanical drug delivery. However, the dye-oil solution is not suitable for pho-
tomechanical drug delivery to arterial tissue, since it was difficult to discriminate
the autofluorescence of the aorta sample from the fluorescence of the dye.

In conclusion, I have demonstrated the feasibility of photomechanical drug

delivery to drive drugs (colored oil) into thrombus (a gelatin-based model). The
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results of this study indicate that cavitation bubble formation is the governing
mechanism for photomechanical drug delivery with microsecond laser pulses in
light absorbing liquids. When no cavitation bubble was formed, no gelatin was
stained. There are two processes in photomechanical drug delivery: the formation
of uniformly stained layers and the formation of colored cracks. The two separate
processes may benefit clinical applications. The deepest penetration of colored
oil in gels follows the cavitation bubble collapse. The penetration was less than
500 pm when the gelatin structure was not fractured, and the colored oil could
be driven a few millimeters into the gels in both axial and radial directions. The
results of this study demonstrated that similar penetration could be achieved by
use of various combinations of laser parameters. Photomechanical drug delivery

may be used for drug delivery to arterial tissue.
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Figure 6.1: Experimental setup for the spatial distribution measurement, flash

photography, and acoustic pressure measurement.
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Top
View

Figure 6.2: Schematic illustration of three irradiation configurations and the
methods used for measuring the spatial distribution of photomechanically deliv-
ered dye in clear gels. The top and side views of samples irradiated by perpen-
dicular, coaxial, and side irradiation are shown in (a), (b), and (c) respectively.
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colored oil

Figure 6.3: Top view of colored oil distribution in a 2 mm channel through gelatin
(175 bloom) with cylindrical geometry after 50 pulses of 30mJ laser energy
through a 300 um core diameter fiber in 300 cm™! colored oil. The laser en-
ergy was delivered coaxially. Extensive shadows are present because this section
was 2mm thick.
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Figure 6.4: Top view of colored-oil distribution in a 2 mm channel through gelatin
(175 bloom) with cylindrical geometry after 50 pulses of 40mJ laser energy
through a side-firing fiber in 300 cm ™" colored oil. The laser energy was delivered
perpendicular to the channel wall as indicated by the arrow.
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Figure 6.5: Side views of photomechanical drug delivery on gelatin (175 bloom)
with a planar geometry. A single pulse of 30 mJ laser energy was delivered through
a 300 ym diameter fiber. The absorption coefficient was 300 cm~!. The fiber was
located 1 mm above the gel surface. The backgrounds of four photographs (300
500 pus) are lighter than the rest because of the different illumination. The bubble
size was reproducible to 5% before the second rebound of the cavitation bubble
(500 ps). The appearance of cavitation bubbles varied widely after 500 ps.
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Figure 6.6: Side views of photomechanical drug delivery on gelatin (175 bloom) in
a cylindrical geometry. A single pulse of 30 mJ laser energy was delivered through
a 300 um diameter fiber into 300 cm™! colored oil. The absorption coefficient was
300 cm~!. The laser energy was delivered coaxially. The arrow indicates the place
where the deepest penetration was observed.
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Figure 6.7: Side views of photomechanical drug delivery on gelatin (175 bloom)
with cylindrical geometry. A single pulse of 40mJ laser energy was delivered
perpendicularly to the channel through a side-firing fiber into 300 cm™=! colored
oil. The white dashed curve shows the edge of the side-firing fiber tip. The dark
areas inside the fiber tip are due to the index mismatch at the air-oil interface.
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Figure 6.8: Side views of photomechanical drug delivery on gelatin (175 bloom)
with a planar geometry. A single pulse of 30 mJ laser energy was delivered through
a 1000 pum diameter fiber. The absorption coefficient was 300 cm~!. The fiber was
located 1 mm above the gel surface.
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Figure 6.9: Side views of photomechanical drug delivery on gelatin (175 bloom)
with a planar geometry. A single pulse of 100mJ laser energy was delivered
through a 1000 ym diameter fiber. The absorption coefficient was 300 cm™. The
fiber was located 1 mm above the gel surface.
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Figure 6.10: Side views of photomechanical drug delivery on gelatin (175 bloom)
with a planar geometry. A single pulse of 60 mJ laser energy was delivered through
a 1000 ym diameter fiber. The absorption coefficient was 50 cm~!. The fiber was
located 1 mm above the gel surface.
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Figure 6.11: Side views of photomechanical drug delivery on gelatin (175 bloom)
with a planar geometry. A single pulse of 60 mJ laser energy was delivered through
a 1000 gm diameter fiber. The absorption coefficient was 300 cm~!. The fiber was
located 1 mm above the gel surface.
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Figure 6.12: Side views of photomechanical drug delivery on gelatin (60 bloom)
with a planar geometry. A single pulse of 100mJ laser energy was delivered
through a 1000 ym diameter fiber. The absorption coefficient was 300 cm ™. The
fiber was located 1 mm above the gel surface.
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Figure 6.13: Side views of photomechanical drug delivery on gelatin (300 bloom)
with a planar geometry. A single pulse of 100mJ laser energy was delivered
through a 1000 ym diameter fiber. The absorption coefficient was 300 cm™. The
fiber was located 1 mm above the gel surface.
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Figure 6.14: Side views of photomechanical drug delivery on gelatin (175 bloom)
with a planar geometry. A single pulse of 60 mJ laser energy was delivered through
a 1000 um diameter fiber. The absorption coefficient was 300 cm ™. The fiber was
located 5mm above the gel surface.
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Figure 6.15: Side views of laser-induced cavitation bubble at a fiber tip placed
Imm above the gel surface (1750 bloom). Single pulses of 60mJ laser energy
were delivered through a 1000 pm diameter fiber. The absorption coefficient was
300cm~!. The images were taken at the same exposure time, but after different
pulses.
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Figure 6.16: Inner surface of porcine aorta exposed to one hundred pulses of
90 mJ from a 1000 um fiber placed 1 mm away from the surface.
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The error estimates are

Table 6.1: Spatial distribution measurements of colored oil in gels with planar

geometry. All data are the average of five samples.

standard deviations.
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Chapter 7

Enhanced Thrombolysis with
Photomechanical Drug Delivery:
An In vitro Study

7.1 Introduction

Laser thrombolysis is a promising method of clearing arteries that are ob-
structed by thrombus and plaque [1]. Tt has potential advantages over bypass
surgery, balloon angioplasty, and other forms of vascular interventions. Laser
pulses can be delivered into arteries through fiber-optic catheters, thus avoiding
major surgery. The thrombus is removed by the laser pulses rather than being
displaced by them, thereby, potentially reducing the high rate of restenosis that
occurs with balloon angioplasty. The laser energy is well absorbed by the throm-
bus and poorly absorbed by the adjacent tissue. Thus, the selective and safe
thrombolysis using laser radiation can be achieved. The use of small fiber-optic
catheters offers the possibility of removing thrombus in small vessels (e.g., brain

vessels) or in larger vessels (e.g., bypass grafts), in which no effective therapies
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are available [57]. However, one concern for laser thrombolysis is the mural blood
clot left in arteries after the laser thrombolysis procedure, which may be a po-
tential limitation for this therapy. I hypothesize that the combination of laser
thrombolysis and localized intramural delivery of clot-dissolving drugs during the
procedure may be a solution to the limitation, i.e., the majority of clots can be
removed by laser pulses, whereas the mural clot is dissolved by the drugs. This
study was motivated by this hypothesis.

Current techniques for localized drug delivery use balloon-based catheters to
infuse thrombolytic agents into thrombus at an angioplasty site. The intramural
deposition of therapeutic agents may provide prolonged thrombolytic action at
infusion site [70]. Basically, two mechanisms are involved in these procedures: 1)
displacement of thrombus due to the balloon dilation and 2) thrombolytic action
by therapeutic agents. However, the primary problems with the modified balloon
catheter designs are their cumbersome size and long inflation times required, as
well as the risk of medial injury occurring during the balloon inflation process,
thus potentially limiting the benefits of local drug delivery.

In Chapter 6 I demonstrated that drug could be delivered into thrombus by
use of hydrodynamic pressures following the laser-induced bubble expansion and
collapse. The bubbles were formed at the fiber tip due to the absorption of
laser energy by the surrounding absorbing liquids. The spatial distribution of
photomechanically delivered drug depended on parameters such as laser energy,
absorption coefficient, fiber size, and material strength. The results of Chapter

5 also showed that the bubble formation on the thrombus surface due to the
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absorption of laser energy by the thrombus could cause flow motion near the
cavitation bubble at a speed of up to 12m/s. I hypothesize that hydrodynamic
flow resulting from the bubble formation during laser thrombolysis can be used
as a driving force to facilitate drug delivery.

My objective in this in vitro study was twofold. First, I wished to quanti-
tatively compare the effectiveness of thrombolysis by use of 1) constant infusion
of drug; 2) laser thrombolysis, and 3) photomechanical drug delivery. Such a
comparison is important to clearly establish any benefit that may be associated
with photomechanical drug delivery. Second, I wished to identify the mechanism
of photomechanical drug delivery during laser thrombolysis through visualization
of bubble formation with flash photography and measurement of laser-induced
pressure waves using a PVDF transducer. Solutions of fluorescent spheres were
used as a drug model that allowed me to easily visualize the sphere distribution
in thrombus under fluorescence microscopy. Gelatin-based thrombus phantoms

were used to avoid the complicated biological variations of real thrombus.

7.2 Materials and Methods

7.2.1 Sample Preparation

Two types of gelatin targets were formed in 1cm cuvettes. Drug delivery
experiments used a uniformly absorbing gelatin made by adding Blue 15 dyes
into liquid gelatin (3.5% 175 bloom) and curing in the 1cm cuvettes. The blue
gelatin samples had an absorption coefficient of 100cm™! at 577nm. The cured

gelatin samples were carefully removed from the cuvette and cut into ~5 mm thick
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sections before the experiments. The samples for flash photography were made
by pouring clear gelatin into 1 cm cuvettes to form 2-3 ¢m thick with cylindrical
geometries. The channels were constructed about 2mm in diameter to simulate
blood vessels; the normal adult human artery is 2-4mm in diameter. A piece
of porcine clot was inserted into the channel and then was covered with distilled
water at room temperature.

The solution seeded with fluorescent latex microspheres (Molecular Probes,
Inc.) was used as a drug model. The microspheres consisted primarily of polystyrene
chains, and were supplied as suspensions (2% solids with 1 um diameter) in wa-
ter plus 2 mM sodium azid. They were nonporous, hydrophobic, and photo-
stable. The excitation and emission maxima were at 488 nm and 515 nm respec-
tively. The concentration of the solution was about 7.5x10"particles/ mL made
by adding 0.5 mL of the suspensions with a concentration of 3x10'particles/ mL
into 200 mL of distilled water. No attempt was made to correlate to any specific

drugs for this study.

7.2.2 Experiments

The effectiveness of thrombolysis was evaluated by comparing the sizes of
lumen created by mechanical action due to manual manipulation of a fiber-optic
flushing catheter or by laser ablation, and the areas stained by the fluorescent
spheres. A basic assumption of this study was that the stained areas could
potentially be dissolved by the delivered drug. Three experimental protocols were

performed. First, drug was infused into thrombus through a fiber-optic flushing
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catheter that was manually manipulated inside the thrombus during infusion of
the drug. Second, drug was infused into the laser-created channel after laser
thrombolysis. Finally, drug was delivered into the thrombus in coincidence with
laser pulses. The drug was injected at a rate of 4 mL/min through the catheter for
a similar time (~30 seconds) in the three experiments. All samples were carefully
washed with clear water before being frozen and sectioned. Frozen sections were
examined under light and fluorescence microscopy. The areas and penetration of
the spheres in the gelatins were measured. The penetration depth was measured
from the edge of the lumen to the fluorescent spheres inside the gelatin sample.

A fiber-optic flushing catheter was used for drug delivery and light delivery.
This catheter consisted of a 1 mm Teflon tube filled with a 300 um optical fiber.
The drug was infused into the thrombus through the tube connected with a sy-
ringe. The flow rate was 4 mL /min controlled by a syringe pump. Laser radiation
was provided by a 1 us pulsed dye laser emitting 577 nm light at 3 Hz. The laser
pulses of 3070 mJ were delivered via the flushing catheter onto the thrombus
under clear liquids.

The laser interaction with porcine clot was visualized with a flash photogra-
phy setup (Figure 7.1). Single pulses of 50 mJ were delivered onto porcine clot
through a 300 ym fiber placed 1 mm above the surface of the clot. The laser-
induced pressure waves were measured using a PVDF transducer (Figure 7.2).
The transducer was positioned 16 mm away from the ablation site. The exper-

iments were performed on thrombus phantoms with an absorption coefficient of
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100cm™! at 577 nm. The samples were immersed under water at room tempera-

ture.

7.2.3 Statistical Analysis

All data were reported as meantstandard deviation. The differences in the
lumen size, stained areas, and penetration depth of the spheres in gelatin samples
were compared. The statistical significance of differences was determined using
a two-tailed Student’s t-test. An unpaired t-test was used to analyze the data
for constant infusion, laser thrombolysis, and photomechanical drug delivery. A

value of p < 0.05 was considered to be significant.

7.3 Results

The sizes of lumen generated by mechanical manipulation catheter were smaller
than those generated by laser ablation (Figure 7.3). The lumen areas (i.e., lumen
area plus stained area) didn’t increase significantly through drug delivery for ei-
ther constant infusion or laser thrombolysis, while the areas increased after the
photomechanical drug delivery procedure. The areas increased up to 25% by ac-
counting the areas stained by the spheres as compared with the lumen generated
by laser ablation alone.

The penetration measurements revealed that the maximal penetration was
not correlated with the laser energy (Figure 7.4). When the laser energy in-
creased greater than a value somewhere between 50-70 mJ the penetration depth

decreased. However, the lumen sizes increased significantly with increasing the
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laser energy (Figure 7.5). The pressure measurements also showed that the pres-
sures increased as the laser energy increased (Figure 7.6) and the lumen sizes
were proportional to the bubble expansion pressure (Figure 7.7).

Visualization of the interaction of a laser pulse with clot showed that a full size
bubble was formed in the clot (Figure 7.8). The bubble dynamics on clots was
similar to the dynamics on gelatin targets. Figure 7.9 shows the cavitation bubble
growth and collapse produced by a 50 mJ laser pulse. The bright spot in the sixth
frame was the flash of light from the strobe. The bubble expansion caused the
dilation of the channel. The maximal dilation was reached after about 60 us
and amounted to 130% of the initial channel diameter. The subsequent bubble
collapse induced an invagination of the channel wall. The minimal diameter was
~ 88% of the initial value. No oscillation of the cavitation bubble was observed.

The mass ejection followed the bubble collapse.

7.4 Discussion

Results presented in this study demonstrated the possibility of using pho-
tomechanical drug delivery to enhance the thrombolysis process by delivering
drug into thrombus during the laser thrombolysis procedure. Evidently, the lu-
men areas generated by the constant infusion due to mechanically manipulating
the catheter were smaller than those created by the laser ablation. The lumen
areas could be increased by delivering drug into the thrombus during laser ab-
lation. For example, the mean of fluorescent sphere area and the maximal pen-

etration depth were greater in the gelatin samples with photomechanical drug
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delivery: 0.244.05mm 2 for photomechanical drug delivery vs. 0.06£0.01 mm
2 (p = 0.005) for laser thrombolysis and 250463 um for photomechanical drug
delivery vs. 46+£16 pm (p < 0.001) for laser thrombolysis. A similar result was
reported by Girsky et al. [125] for photomechanical drug delivery to porcine clot
confined in carotid arteries. Similar parameters such as the laser energy, fiber size,
and fluorescent microsphere solution were used for their experiments. The mean
of fluorescent sphere area was: 0.134.02 mm ? for photomechanical drug delivery
vs. 0.0240.004mm ? (p = 0.01) for laser thrombolysis. The maximal pene-
tration depth was 327436 um for photomechanical drug delivery vs. 164420 um
(p = 0.002) for laser thrombolysis.

Flash photographs showed that cavitation bubbles were formed after the laser
pulses interacted with the clot. The cavitation growth and collapse caused dila-
tion and consequent invagination of the channel wall of the gelatin samples. The
flow motion may generate the hydrodynamic pressure that could force drug into
the thrombus. The thrombus ejection was observed following the collapse of the
cavitation bubble.

The penetration depth of the spheres in gelatin samples was not correlated
with the laser energy. The penetration increased at least before the laser energy
reached 50mJ, and started deceasing somewhere between 50-70mJ. It seems
there is a threshold effect. 1 hypothesize that the laser-induced pressure is not
enough to blow off the material surrounding the cavitation bubble when the laser
energies below a certain value (called threshold energy). However, at high energy

the ablation process becomes more explosive, resulting in strong pressure waves
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that blow off the material deeply. The drug is also driven more deeply at high
energy if the penetration depth is measured from the center of the lumen rather
than from the channel wall to the spheres. The experimental results showed that
the lumen areas were correlated with the bubble expansion pressure, which agrees
with the ablation efficiency study in Chapter 8.

The results of this chapter and Chapter 6 demonstrated that drug can be
delivered into thrombus and arterial tissue using photomechanical drug delivery.
The laser pulses were delivered through optical fibers with 300-1000 ym core di-
ameters. However, no experiments were performed using a 100 um fiber that may
be suitable for light delivery to brain vessels and no study has been reported in
literature. The interest of using small fibers for light delivery has arisen recently
for stroke treatment, since one of the main challenges for performing laser throm-
bolysis in a cerebral vessel is the design of a delivery device small enough to safely
negotiate the cerebral vessel.

Thus, I visualized the bubble formation on gelatin samples (3.5% 175 gelatin
containing Direct Red 81 dye, 150cm™'). A 100 um core diameter step-index
quartz optical fiber was coupled to the laser with a 25 mm focal length lens. The
fiber was contained inside a 1 mm flexible Teflon tube and the tip was 1 mm inside
the catheter. The laser was operated at 520 nm with a repetition rate of 3 Hz.
90 pulses of 10 mJ were delivered onto the gelatin. The sample preparation was
describe in detail in Chapter 4. The procedure of photomechanical drug delivery
was the same as the above experiments of photomechanical drug delivery.

Figure 7.10 shows the flash photographs of cavitation bubble formation on
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gelatin surface. The maximum size bubble (~1.5mm in width) was observed at
50 us. The bubble expanded, collapsed, and the ejection of material from the
surface was observed following the bubble collapse about 195 us after the laser
pulse. Photomechanical drug delivery did not significantly increase the lumen
area by delivering drug using a 100 um fiber at 10 mJ laser energy (Figure 7.5).
However, transient displacement of the surrounding fluid may benefit the throm-
bolysis process. A study by Kandarpa et al. suggested that forceful local pulsatile
infusion of fibrinolytic enzyme disrupts thrombi, increases clot surface area, and
hastens enzyme action compared conventional constant infusion methods [126].
They used a reciprocating syringe pump to deliver small volumes of thrombolytic
enzyme in short, rapid, frequent pulses at high exit-jet velocity (4.5m/s) through
a 4-F side-hole catheter. Pulsatile infusion lysed 61% of the thrombus by weight
in an hour, whereas constant infusion lysed only 15%. The cavitation bubble
expansion and collapse caused the surrounding fluid to move up to 12m/s. A
better result may be achieved using photomechanical drug delivery.

In conclusion this study demonstrated the thrombolysis process can be en-
hanced by delivering drug into thrombus during laser ablation. The lumen areas
increased up to 25% if we consider the areas that may potentially be dissolved
by the drugs. The penetration depths of the spheres in the gelatin samples were
not correlated with the laser energy, but the lumen sizes increased with increas-
ing laser energy. The lumen areas created by laser ablation were correlated with
the bubble expansion pressures, and the pressures were proportional to the laser

energy. Photomechanical drug delivery can be performed using a 100 um fiber.
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Figure 7.1: Schematic of experimental setup for visualizing the bubble formation
on clot or gelatin.
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Figure 7.2: Schematic of apparatus for pressure measurement.



170

|:| lumen area

lumen area plus
stained area

1.2 7]
& _ o
g 08 8.
e < S
~ 7] ; Il
o
o A =
S _ < o
Z 04
A
= (o)
0
Constant Laser Photomechanical
Infusion Thrombolysis Drug Delivery

Figure 7.3: Comparison of lumen areas generated by three different methods:
constant infusion, laser thrombolysis, and photomechanical drug delivery. 90
laser pulses of 50 mJ were delivered into gelatin samples with an absorption coef-
ficient of 100 cm ™! for both laser thrombolysis and photomechanical drug delivery
experiments. A flushing catheter with a 300 um fiber was used for the light de-
livery.
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Figure 7.4: Maximal penetration of fluorescent spheres inside gelatin samples as
a function of laser energy. The laser pulses were delivered via a flushing catheter
with a 300 um fiber. Error bars denote the standard deviation of four samples.
The penetration of the fluorescent spheres inside porcine clots was measured by
Girsky et al. .
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Figure 7.5: Areas including lumen areas created by laser ablation and stained
areas due to the drug delivery as a function of laser energy. 90 laser pulses were
delivered via a flushing catheter with a 300 um fiber onto the gelatin samples with
an absorption coefficient of 100 cm™!. Error bars present the standard deviation
of four samples.
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Figure 7.6: Bubble expansion pressure as a function of laser energy. The pressure
signals were detected with a PVDF transducer placed 16 mm away from the
ablation site under water. The absorbing gelatin samples had an absorption

coefficient of 100 cm™!.
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Figure 7.7: The areas produced by laser ablation (open squares) and drug delivery
(filled squares) as a function of bubble expansion pressure on gelatin samples
(Figure 7.6).
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Figure 7.8: A laser-induced cavitation bubble formed in the clot. The right photo
was taken to show the spherical shape of the bubble on the left.
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Figure 7.9: A series of flash photographs of cavitation bubble growth and collapse
after the laser pulse. Single pulses of 50 mJ were delivered onto the clot via a
300 pm fiber. The clot was confined in a gelatin sample with a cylindrical channel
at center. The fiber was placed 1 mm above the clot under water.
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Figure 7.10: Flash photographs of bubble formation on gelatin surface.
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Chapter 8

Microsecond Laser Ablation of
Thrombus and Gelatin under
Clear Liquids: Contact vs

Non-contact

8.1 Introduction

Laser thrombolysis is a promising method for management of vessels blocked
by thrombus such as occurs during acute myocardial infarction and stroke [1].
Laser thrombolysis uses laser pulses to clear arteries obstructed by thrombus
(blood clots). The laser pulses generate cavitation bubbles in a blood vessel
through the absorption of laser energy by a target (e.g., blood clot) or surround-
ing liquids (e.g., blood and saline). The bubbles expand and collapse within a
millisecond of the delivery of the laser pulse and disrupt the thrombus. Safety is
achieved by using laser wavelengths that are relatively strongly absorbed by the

blood clot as compared to absorption by the vessel wall [37-39].
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During laser thrombolysis, the laser pulses are delivered to the blood clot
using an optical fiber whose tip either contacts or does not contact the clot. The
contact method has been used with excimer lasers (308 nm) and mid-infrared
lasers (2.1 um) [106,107]. Ablation occurs at the tip during such procedures. If
a fluid-core optical catheter is used to wash away ambient blood, then visible
wavelength laser pulses can ablate the clot in a non-contact manner [55].

Previous studies have demonstrated that the ablation processes are quite dif-
ferent for contact and non-contact methods [127-131]. Srinivasan et al. demon-
strated that contact excimer laser ablation of plaque was more violent than non-
contact ablation when the same energy was used [127]. Gijsbers et al. reported a
dramatic increase in ablation efficiency when the optical fiber contacted porcine
aortic tissue [128], and that the ablation depth increased with increasing force
between the fiber face and the tissue [131]. Similar results have also been re-
ported by Buchelt et al. [130]. No detailed study of contact and non-contact
delivery on the ablation efficiency has been reported, although many studies
have demonstrated that ablation efficiency depends on pulse energy [32,39], ra-
diant exposure [130,132,133], pulse duration [133], properties of the tissue [85],
repetition rate [134], and fiber contact pressure [128,130,131].

It is difficult to precisely position the fiber-optic catheter in wvivo, and this
study investigated the consequences of inadvertent contact of the fiber with the
thrombus. When the fiber does not contact the thrombus, the radiant exposure
depends on the distance between the thrombus surface and the fiber end due to

the divergence of the laser beam. The laser energy may also be attenuated by the
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absorption of the surrounding medium. These effects are eliminated when the
fiber end contacts the thrombus surface. Since contact ablation is more efficient
than non-contact ablation, I measured the pulse energies required to achieve the
same material removal for the two modalities.

I measured the ablation efficiency of one microsecond 577 nm laser pulses on
porcine clot confined in a silicone tube. Laser energies ranging from 10-75mJ
were delivered through 200-400 pm optical fibers. The ablated mass was deter-
mined by weighing the samples before and after ablation. I visualized the bubble
formation with flash photography and measured acoustic transients with a pres-
sure transducer. These experiments were performed on gelatin-based thrombus
models. The use of these thrombus models provided a reproducible substrate for
modeling thrombus ablation. Finally, I also evaluated contact and non-contact

methods for localized drug delivery.

8.2 Materials and Methods

8.2.1 Sample Preparation

Porcine Clot

Fresh non-heparinized blood was obtained from domestic swine and immedi-
ately placed into cylindrical glass tubes. The blood was allowed to clot at room
temperature for 5 hours and then stored at 8°C for 24 hours. The durability of
the clot varied from pig to pig; more white fibrin pieces were found in the most

durable samples. The clots were cut into pieces ~10 mm long, ~2mm wide, and
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~2mm thick. They were weighed using a digital balance with a precision of
+100 pg (AE200, Mettler) and then confined in a silicone tube. The tube had a
3mm inner diameter and a wall thickness of 0.4 mm. The mechanical properties
differed from those of human arteries; the Young’s modulus of the silicone tube
was 8 N/mm?, whereas it is 2-5 N/mm? for human vessels [135]. The clot sam-
ples from three different pigs were ablated to assess the intra-animal variation of

clot on the ablation efficiency.

Gelatin Targets

A thrombus model consisted of 3.5% 175 bloom gelatin (Sigma). The percent-
age was determined by the weight ratio of gelatin to water. The bloom number
is the standard method for indicating the toughness of gelatins and is a measure
of surface tension. Higher bloom numbers indicate stronger gelatins. No attempt
was made to correlate the bloom number with the strength of any specific clots
in this study. The gelatin-water mixture was heated to 60°C with stirring until it
became clear. Two types of gelatin targets were formed in 1cm cuvettes. Flash
photography used a clear gelatin substrate covered by a thin layer of absorbing
gelatin. These were made by pouring clear gelatin liquid gelatin in 1 cm cuvettes
and curing to form 2-3 cm thick targets with flat surfaces. A dye solution (0.07 g
of Blue 15 from Sigma in 40 mL water) was placed on the gelatin surface for 5
minutes and a blue layer about 300 um thick with an absorption coefficient of
~100cm™" (at 577nm) was formed. This blue layer allowed the boundaries of

the cavitation bubble to be seen, even when they otherwise would have been
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hidden by a light absorbing gelatin substrate (Figure 8.1). Both the pressure
measurements and the drug delivery experiments used a uniformly absorbing
gelatin target made by adding 0.07g of Blue 15 to 40 mL of liquid gelatin and
curing. The 100 cm™! blue gelatins were carefully removed from the cuvettes and

cut into ~5 mm thick sections before the experiments.

8.2.2 Laser Delivery

All experiments used a flashlamp-pumped dye laser (Palomar Medical Tech-
nologies) operating at 577nm. The pulse duration was 1.3 us (full width at half
maximum). The laser energy was determined using a joulemeter (Molectron).
Contact experiments used 10-25 mJ/pulse; non-contact experiments used three
times as much. Pulse-to-pulse energy variation was less than 5%. The repeti-
tion rate was 3 Hz for the ablation efficiency measurements. The laser pulses
were delivered through a flushing catheter that consisted of a single 200-400 pum
step-index fused-silica optical fiber contained inside a 1 mm flexible Teflon tube.
The fiber tip extended 1 mm from the distal end of the catheter during contact
delivery; the tip was 1 mm inside the catheter during non-contact delivery (see
Figure 8.1). Distilled water or normal saline was injected through the Teflon tube
with a syringe infusion pump (Harvard Apparatus) at a flow rate of 4 mL/min to
wash away the removed clot or gelatin from the target site. The fiber tip always
slightly contacted the targets (clot or gelatin) during contact delivery and was
2mm from the target surfaces during non-contact delivery. The spot size on the

target surface was obtained from the burn pattern on a deep-dyed polyester film.
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The spot sizes were 200, 300, and 400 um for contact ablation and 450, 480, and
520 pm for non-contact ablation. The laser beam profile on the target was nearly
Gaussian for non-contact ablation, and had a flat profile for contact ablation.

The laser energy and spot sizes used in this study are summarized in Table 8.1.

8.2.3 Ablation Efficiency Measurement

The experimental setup for the ablation efficiency measurement is shown in
Figure 8.2. The ablation efficiency is the mass ablated per pulse per unit-of-
laser-energy delivered. The ablated mass was determined by directly weighing
the samples before and after ablation. Primary experimental results showed that
a similar amount of clot could be removed using a 300 um fiber either at 20 mJ
during contact ablation or at 60 mJ during non-contact ablation. Consequently
the non-contact experiments used three times the pulse energy that the contact
experiments used. The pulse number varied from 180-395 depending on the re-
moved mass that could be easily measured. The catheter was advanced manually
during the procedure and five samples were ablated for each measurement. Non-
laser controls were exposed to flowing water or saline for about 2 minutes without
irradiating, so that the mass lost due to the flowing fluid and the mass loss caused

by mechanical manipulation could be assessed.
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8.2.4 Flash Photography

Vapor bubble formation was visualized using flash photography (Figure 8.1).
Time zero corresponded to the rising edge of the signal from a photodiode at-
tached to the laser delivery fiber. A digital delay generator (DG535, Stanford
Research) was used to turn on a 5 us strobe (MVS-2601, EG&G) at times rang-
ing from 5-20,000 us after the laser pulse. A triggerable CCD camera (CV-251,
Protec) only recorded events illuminated by the strobe. The CCD image was
captured with a video frame grabber (DT2255, Data Translation). Each picture
recorded a single event and was repeated three times for each experiment. Sin-
gle pulses of 20mJ laser energy were delivered through a flushing catheter with
a 300 um diameter fiber for contact ablation. Non-contact ablation used 60 mJ

laser pulses and the same fiber size.

8.2.5 Pressure Measurements

The pressure transients were measured with a piezoelectric polyvinlyidene-
fluoride (PVDF) transducer (KP 117, Ktech). The active square area of the
transducer was 1 mm 2. The sensitivity was ~32mV /bar and the rise time was
~400ns. The transducer was factory calibrated in air to give absolute pressure
amplitudes. However, the absolute pressures may be underestimated because the
transducer was calibrated in air, but used in an aqueous environment. The acous-
tic signals were recorded on a digital storage oscilloscope (DSA 602A, Tektronix).
The transducer was placed at a distance of ~16 mm from the target site under

distilled water. The 1 mm flushing catheter with a 300 ym fiber was placed in a
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container filled with distilled water. The flow rate was 4 mL/min. Single pulses
of 10-25mJ were delivered onto the gelatin via a flushing catheter with a 300 ym
fiber for contact ablation, and 30-75mJ laser pulses were used for non-contact

ablation.

8.2.6 Drug Delivery

Drug delivery using contact and non-contact methods was evaluated using
100 cm™! gelatin targets. The gelatin samples were placed under distilled water
at room temperature. A flushing catheter with a 300 um fiber was used to deliver
about 90 pulses with laser energies of 20 mJ (contact) and 50 mJ (non-contact) at
3 Hz perpendicularly onto the gelatins. The catheter was advanced by hand as a
channel was ablated through the gelatin. A 7.5x107spheres/mL solution of 1 um
fluorescence spheres (Molecular Probes, Inc.) was infused at 4 mL/min during the
ablation. The control samples were first ablated while water alone was infused
at 4mL/min. After a channel was created the control samples were infused with
the sphere solution for about 30 seconds. The number of laser pulses delivered
were 9543 for contact and 93+4 for non-contact. All samples were carefully
washed with clear water before being frozen and sectioned. Each frozen sample
was cut into 4 or 5 sections with a thickness less than 100 ym. Frozen sections
were examined under light and fluorescence microscopy. The penetration of the

spheres in the gelatins was measured.
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8.2.7 Statistical Analysis

All data is reported as meantstandard deviation. The statistical significance
of differences was determined using a two-tailed Student’s t-test. An unpaired
t-test was used to analyze the data as each parameter was varied. A value of

p < 0.05 was considered to be significant.

8.3 Results
8.3.1 Ablation Efficiency of Porcine Clot

During ablation of the clot, a popping sound accompanied each laser pulse,
and a stream of red liquid erupted along with some small particulates. The partic-
ulate size was correlated with white fibrin found in the clot. Smaller particulates
were associated with more fibrin pieces. The number of fibrin chunks and the me-
chanical strength of the clots varied from pig to pig. Less mass was removed from
the most durable clots. The rate of thrombus removal slowed as the clot became
less red (presumably due to hemolysis and loss of hemoglobin). Smoke could be
smelled at the highest laser energies (> 60mJ) during non-contact delivery. The
ablation efficiency (mass removed per unit energy) of contact ablation was at
least three times greater than that of non-contact ablation (Figure 8.3). There
were no significant differences in the ablation efficiency at different spot sizes for
either contact ablation or for non-contact ablation. Intra-animal variation sig-
nificantly affected the ablation efficiency (Table 8.2). No significant difference in

the ablation efficiency of porcine clot under distilled water or normal saline was
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observed despite the fact that water can cause hemolysis.

8.3.2 Bubbles Evolution

Time-resolved flash photographs revealed that a laser pulse generated a cav-
itation bubble either at the fiber end or on the gelatin surface depending on
where the laser energy was absorbed. Each picture was a single event and was
repeated three times for each parameter set. The bubble size was reproducible
to 5% before the bubble collapse. The appearance of cavitation bubbles varied
widely after the bubble collapse.

Figure 8.4 shows a compilation of the bubble expansion and collapse sequence
in water for contact ablation. The maximum width of the bubble was ~2.8 mm
and was reached at 75 us. The bubble completely collapsed 250 us after the laser
pulse. Significant mass removal was observed at 275 us and at 700 us respectively.
Figure 8.5 shows the bubble evolution in water for non-contact ablation. The
maximum width of the bubble measured 3.6 mm at 95 ps. The bubble completely
collapsed about 300 us after the laser pulse. Material removal lasted from 300—

900 us. Figure 8.6 shows the bubble width measured from Figures 8.4 and 8.5.

8.3.3 Bubble Pressure

A representative pressure trace for a laser pulse of 30 mJ delivered onto gelatin
under water in non-contact ablation is shown in Figure 8.7. The initial pressure
peak was due to a thermo-elastic expansion wave. The second peak at 300 us was

generated by the collapse of the cavitation bubble. The times were corrected to
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account for the time delay associated with the time it takes the acoustic signal
to propagate from the ablation site to the transducer. I assume that the pressure
signals travelled at 1500 m/s. The results of the acoustic transient measurements
are summarized in Figure 8.8. The pressure amplitudes of the bubble expan-
sion and collapse were nearly equal for any particular experiment. Pressure was
generated during the contact delivery at a rate of about 12 kPa/mJ and during

non-contact delivery at 4 kPa/mJ.

8.3.4 Drug Delivery

The greatest penetration of fluorescence spheres in the gelatins was 247457 pm
for contact delivery and 250463 pym for non-contact delivery. The number of the
spheres in the gelatins was similar for both contact delivery and non-contact

delivery under fluorescence microscopy.

8.4 Discussion

Contact and non-contact ablation are remarkably similar when visualized us-
ing high speed photography (Figures 8.4 and 8.5). A well-defined cavitation
bubble is formed whether or not the fiber contacts the surface. The cavitation
bubble grows and collapses; no secondary bubble is observed. Material removal
follows the collapse of the bubble. When roughly equal size bubbles are formed,
then the bubble lifetimes are also similar for contact and non-contact ablation.

Contact and non-contact ablation differs in a few ways. Non-contact ablation

forms a cavitation bubble that is half inside the gelatin and half in the ambient
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liquid; the contact bubble creates a bubble that is nearly entirely contained within
the gelatin. The shape of the non-contact bubbles (at maximum size) is more
spherical than contact ablation bubbles. Finally, there is some visual evidence
that the contact ablation removes material at two discrete times after the collapse
of the cavitation bubble.

Quantitative measurements of the material removed during ablation indicate
that the ablation efficiency is profoundly affected by whether or not the optical
fiber tip directly contacts the thrombus. Non-contact ablation needed roughly
three times as much laser energy to remove the same amount of clot as con-
tact ablation needed (Table 8.1). Similarly, the bubble expansion pressures were
nearly equal when the non-contact laser energy was three times the contact laser
energy. A similar result was not observed for the maximum bubble size. Non-
contact ablation bubbles (at three times the energy) were larger than the contact
bubbles.

The mass removed per unit energy (the ablation efficiency) was relatively
constant for either contact or for non-contact ablation (Figure 8.3). However,
the ablation efficiency varied significantly when clots from different animals were
ablated (Table 8.2). Furthermore, even the least efficient ablation (2.4 pg/mJ)
was significantly greater than would be expected from a simple vaporization ar-
gument. The heat of vaporization of water is about 2.5kJ/gm and so ablation
that is solely due to vaporization would remove clot at a rate of 0.4 pug/mJ of laser
energy. Consequently, the ablation process must be accompanied by mechanical

disruption of the clot [85]. This was confirmed by flash photography.
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Somewhat surprisingly, the mass removed per pulse did not depend on the
spot size for either contact or non-contact ablation. The spot size plays an im-
portant role in ablation at pulse energies near the threshold for ablation [136].
In our experiments the ablation threshold was about 15mJ/mm?. Since the low-
est radiant exposure was about 80 mJ/mm? or more than five times the ablation
threshold, I must conclude that spot size plays only a secondary role at pulse en-
ergies significantly above threshold. In other words, it is not where the energy is
deposited, but rather how much energy is deposited that affects the mass removal
process.

Typically, a channel could be easily created through clot during either contact
or non-contact laser ablation. The residual clot on the walls of the vessel (mural
thrombin) was not so easily removed and white fibrin chunks always remained.
This mural fibrin residue could be a potent stimulus for rethrombosis in vivo.
Consequently, I measured the ability of the 50 mJ non-contact ablation and 20 mJ
contact ablation to drive microspheres (to simulate a thrombolytic drug) into clot.
The microspheres penetrated the mural clot the same distance for both ablation
methods, and this suggests that either method might be used for localized drug
delivery to enhance the thrombolysis process.

The expansion pressures generated by contact delivery (on gelatin) were sim-
ilar to those during non-contact delivery at three times the pulse energy (Figure
8.8). Moreover, for a given expansion pressure the contact bubbles were slightly
smaller than the non-contact bubbles (Table 8.1). This is evidently a consequence

of non-contact bubbles being able to grow more easily in the less viscous fluid over
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the gelatin. Contact ablation achieved higher bubble expansion pressures for a
given pulse energy due to the presence of the boundary of the fiber tip [137]. The
fiber tip constrains the direction that the initial cavitation bubble can travel—it
must initially grow away from the fiber tip. This is sometimes called constrained
vaporization or tamping and has been extensively exploited for the ablation of
kidney stones [98].

To summarize, material removal increased with increasing bubble size, in-
creasing energy, and increasing pressure. Material removal did not change with
spot size. When mass removal is plotted as a function of bubble size and pulse en-
ergy, two distinct groups of data result: one for contact and one for non-contact.
However, when the mass ablated (for clot) is plotted as a function of the bubble
expansion pressure (for gelatin) the data for both contact and non-contact abla-
tion is grouped together much more closely (Figure 8.9). Consequently, I am led
to the conclusion that the most important parameter in microsecond ablation of
soft materials in an aqueous environment is the expansion bubble pressure. A
similar observation was made by Tomaru et al. who showed a weak correlation
between shockwaves and mass removal during contact pulsed-dye laser ablation
of aortic tissue [51].

This study demonstrated that the contact ablation efficiency of porcine clot
was at least three times greater than the non-contact ablation efficiency. Further-
more, the mass removed per unit laser energy was relatively constant for both
laser energy and fiber size. The mass ablated was correlated with the expan-

sion pressure of the cavitation bubble. This result provides an important piece
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of information for designing clinical clot ablation systems: pressure is the most
important factor in establishing the ablation efficiency of a one microsecond laser
pulse. For example, since the mass removed per pulse is (roughly) linearly re-
lated to the bubble expansion pressure, ten small laser pulses will remove the same
amount as one large pulse with ten times the energy. This is important because
previous studies have demonstrated that cavitation bubbles can structurally de-
form vessel walls and possibly lead to damage of the vessel walls [88,97]. Since
larger bubbles generate greater pressures, a greater number of smaller bubbles

may allow safer, more controlled, laser ablation of clot in arteries.
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Figure 8.1: Experimental setup for the visualization of cavitation bubble for-
mation. The blue layer was 300 um thick and had an absorption coefficient of
100 cm .
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Figure 8.2: Schematic of contact and non-contact ablation experiment. In both
cases clear fluid flows out of the catheter at 4 mL/min to wash debris away from

the ablation site.
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Figure 8.3: Ablation efficiency of 1 us laser pulses on clots from Pig B in Table 2.
The clot used was from a single pig. The filled markers are for contact ablation;
non-contact ablation are presented with open markers. The laser spot sizes are
labeled. All data are mean+standard deviation of five samples.
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Figure 8.4: Bubble formation on gelatin when the optical fiber is in contact with
the gelatin surface. The optical fiber is centered in a 1 cm cuvette. A single pulse
of 20mJ laser energy was delivered through a flushing catheter with a 300 ym
diameter fiber. The colored layer was 300 um thick, but appears thicker due to a
slight curvature of the surface.
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Figure 8.5: Bubble formation on gelatin when the optical fiber is 2 mm above the
gelatin surface. The optical fiber is centered in a 1cm cuvette. A single 60 mJ
laser pulse was delivered through a flushing catheter with a 300 ym diameter
fiber. The colored layer was 300 pum thick.
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Figure 8.6: Bubble width as a function of time after the laser pulse for the contact
and non-contact ablation, shown in Figures 8.4 and 8.5. Error bars represent the
standard deviation of three measurements.
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Figure 8.7: The pressures induced by the cavitation bubble following laser irra-
diation. The times have been corrected for the propagation delay of the pressure
signals from the ablation site to the pressure transducer.
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Figure 8.8: Amplitude of the expansion and collapse pressures at a distance of
16 mm from the ablation site. The laser pulses were delivered onto the gelatin
via a flushing catheter with a 300 ym fiber. The filled square and triangle are
the pressures for contact ablation due to the bubble expansion and collapse re-
spectively. The corresponding non-contact data is represented using the open
markers. Error bars represent the standard deviation of six measurements.
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Figure 8.9: Ablation mass of clot as a function of bubble expansion pressure on
gelatin. The pressures were measured from gelatin samples with an absorption
coefficient of 100 cm™!. Single pulses of 10-25mJ were delivered onto the gelatin
samples via a 300 um fiber for contact ablation, while non-contact ablation used
energies three times those used for contact ablation. The ablation mass of clot
from pig A in Table 2 was measured using the same laser and fiber parameters

used for the gelatin experiments.
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Table 8.1: Contact and non-contact ablation experiments. The mass per pulse
is the average amount of clot (from pig B in Table 8.2) removed in a single laser
pulse. The bubble size and pressure measurements are from gelatin ablation
experiments. The errors vary, but typical values are specified in the first row.
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Pic ABLATION EFFICIENCY
Contact  Non-contact

(ng/mJ)  (ug/ml)

A 1442 4.7£1
B 8+E2 2.4£0.3
C 7+1 —

Table 8.2: Variability in porcine clot ablation efficiencies. The average of 180-350
20 mJ laser pulses delivered through a 300 pm fiber for contact ablation and 60 mJ
laser pulses were used for non-contact ablation. All data are mean 4 standard
deviation of five samples.
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Chapter 9

Kinetic Energy (Generation

During Microsecond Laser
Ablation

9.1 Introduction

Two phenomena are observed after a intense laser pulse is delivered via an
optical fiber into an absorbing liquid or onto an absorbing target under a clear
aqueous medium: 1) cavitation or vapor bubble formation and 2) pressure wave
generation. Recently the possibility of mechanical damage to the vicinity of
the ablation site caused by laser-induced pressure waves has raised increasing
concerns. Cavitation effects can cause damage to underlying endothelial cells
after superficial irradiation of cornea with Q-switched mid-infrared laser pulses
[105]. Dissections of the vascular tissue during holmium laser angioplasty have
been reported [44]. A study by van Leeuwen et al. suggested that these dissections
are caused by the bubble expansion and collapse in tissue [48].

The proceeding chapters demonstrated that laser-induced pressure plays an
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important role in local drug delivery and laser thrombolysis. The penetration of
drug into thrombus and the ablation efficiency are proportional to the pressures
due to the bubble expansion and collapse. Similar pressures could be generated
by either contact delivery at a lower laser energy or non-contact delivery at a
higher laser energy (at least three times as much as that used in contact delivery).
Gross physical displacement of the cuvette containing the irradiation targets was
observed during the experiments as well. It seems that the magnitude of the
displacement was correlated to the total energy delivered regardless of contact
or non-contact delivery. Thus, this study was motivated by two concerns: first,
does contact or non-contact delivery generate higher kinetic energy; second, do
the impulsive pressures due to the kinetic energy generation cause tissue rebound
in such a way that the catheter penetrates into the tissue.

Previous studies of laser-induced pressure waves have focused on the effects
of the laser energy, pulse duration, absorption coefficient, fiber size, and material
strength on the acoustic pressure generation [91,109,138]. The acoustic pressure
waves are detected in early expansion phase and in the consequent collapse phase
during bubble evolution. However, the mechanical effects of laser-induced kinetic
energy generated under an aqueous medium after the bubble formation have not
been reported. A relevant study by Snyder et al. demonstrated that the average
impulse induced pressure of a free running Ho:YAG 2.1 um in the fiber contact
mode (i.e., fiber contacts the tissue) was 2-6 times greater than in the non-contact
mode (i.e., the laser energy at the fiber tip was imaged onto the tissue) [139].

Their experiments were performed by ablating the porcine aorta sample mounted
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on a pendulum in air. The impulse coupling coefficient was determined from the
deflection of the pendulum based on the conservation of momentum.

The aim of this study was to investigate the effect of contact delivery and
non-contact delivery on kinetic energy generation. Specifically, the questions to

be answered are:
e Does the acoustic pressure correlate with the kinetic energy generation?

e How can the kinetic energy cause rebound of an ablation target?

9.2 Theory

The effects of contact and non-contact delivery on the impulsive pressure
generation were investigated by comparing the kinetic energy of the cuvette after
the laser pulse. Based on the conservation of the total energy, the change in
kinetic energy is

K — K, = mgh — mgh, (9.1)

where K, and K are the kinetic energies of the cuvette before and after the
displacement, respectively, m is the weight of the cuvette, h, and h are the initial
position and the final position of the cuvette, respectively.

In this study, the initial conditions were: K, = imw?, h, = 0, where v, is

2" o>
the initial velocity before the cuvette takes off. When the cuvette reached its

maximum height K = 0, h = hyee. The value of h,,, was measured using

flash photography. Thus, the kinetic energy generated by the laser pulse can be
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estimated by

K, = mghmas (9.2)

and the initial velocity of the cuvette before taking off is given by

Vo = \/29Mmas (9.3)

9.3 Methods and Materials

Two experimental protocols were performed. First, single pulses of 20 mJ were
delivered through a flushing catheter with a 300 um fiber onto gelatin samples
under water for contact delivery, while 60 mJ pulses were used for non-contact
delivery. The flow rate was 4 mL/min. The flow was stopped immediately after
the laser pulse. The two irradiation configurations are shown in Figure 9.1. The
m in equation (9.2) was determined by weighing the cuvette containing gelatin
sample and water after irradiation. To ensure the weight for each experiment to
be similar. The cuvette containing gelatin sample without water was also weighed
before irradiation as a reference. The cuvette was placed loosely on a metal plate
and the catheter was fixed. The maximum height was determined by varying the
delay time (i.e., the period between the end of the laser pulse and the peak of
the light from the strobe) until the h reached its maximum (Figure 9.2). Second,
the cuvette was suspended using a rubber ring, so that the cuvette didn’t contact
the metal plate. This experiment used the same laser parameters as those used
in the first experiment. The motion of the cuvette was monitored with the flash

photography setup (Figure 9.2). The details of this flash photography setup is



208

described in Chapter 3.

Laser irradiation at 577nm was provided by flashlamp excited dye lasers
(Palomar Medical Technologies). The pulse duration was ~1.3 us (full width at
half maximum). The laser pulses were delivered into absorbing liquids or through
clear liquids onto thrombus phantoms via the fiber-optic flushing catheter. The
energy per pulse was measured with an joulemeter (Molectron). Pulse-to-pulse
energy variation was less than 5%.

The targets were 3.5% gelatin containing Blue 15 dye as the chromophore.

1

Sufficient dye was added to achieve an absorption coefficient of 100cm™" at

577nm. The gel preparation is described in detail in Chapter 3.

9.4 Results

Flash photographs revealed that a 20mJ laser pulse caused a cuvette con-
taining gel and water to rebound a maximum of 1.8+0.3mm at 5ms after the
laser pulse using contact delivery. A 60 mJ pulse caused the cuvette to rebound
2+0.3mm at 5ms and reached 4.54+0.5mm at 20 ms using non-contact delivery.
This height might not be the maximum height that the cuvette could reach, since
the image was out of the screen after 20 ms due to the limitation of this photog-
raphy setup. The weight of the cuvette containing gelatin was 4.6+0.1g before
the irradiation and 6.540.1 g including gelatin and water after the irradiation for
contact delivery. The weight of the cuvette containing gelatin was 4.57+0.1 g be-
fore the irradiation and 6.5+0.1 g including gelatin and water after the irradiation

for contact delivery.
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Thus, the differences in the kinetic energy between contact and non-contact
delivery was about 1 to 2.5: contact vs. non-contact based on equation (9.2).
Typical flash photographs are shown in Figure 9.3 for contact delivery and in
Figure 9.4 for non-contact delivery. Five samples were measured for contact
delivery, while six samples were used for non-contact delivery.

No displacement of the cuvette was observed when the cuvette didn’t contact
the metal plate regardless of contact or non-contact delivery, but the surface of

the water contained in the cuvette vibrated.

9.5 Discussion

One concern for laser thrombolysis is whether the rapid displacement of fluid
in an artery can cause the rebound of the artery wall. This study investigated
the effect of contact and non-contact delivery on the kinetic energy generation
and how the kinetic energy could cause target rebound.

Thrombus removal depended on the laser-induced pressure wave and similar
mass could be removed using similar pressure (Figure 8.9). Contact delivery could
generate pressure waves more efficiently than non-contact delivery. Roughly three
times as much energy was needed for non-contact to create the same pressure
as that created by contact. However, the experimental results in this study
demonstrated that the kinetic energy generation strongly depends on the total
energy delivered regardless of contact or non-contact delivery. This suggests that
the kinetic energy generation is not directly correlated with the acoustic pressure

wave.
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In Chapter 6, I hypothesized that the delivered laser energy is mainly dis-
sipated through heating, phase changes, acoustic transients, and hydrodynamic
flow of liquid (ultimately converted to kinetic energy). The conservation of energy
can be used to qualitatively understand the difference in kinetic energy between
the contact and non-contact delivery. The incident laser energy is divided by the

interaction into five parts:

Ez’n - Eoptical + Ethermal + Eacoustic + Ebubble + Ekinetic (94)

where Egpticar i the energy loss (i.e., reflection, absorption, and scattering).
FEihermar 1s the energy dissipated during heating, phase transitions, and incan-
descence. Fy.oustic 18 the energy used for acoustic radiation. FEpyppe is the energy
dissipated during bubble formation. Fppeic is the energy following the bubble
collapse.

For the absorbing gelatin used in this study, the reflected and back scattered
losses are negligible due to the high absorption of the gelatin (100 cm™'). The
acoustic transient measurements in Chapter 8 showed that the acoustic pressure
waves were similar for both contact ablation and non-contact ablation when the
ratio of the energy delivered was 1 to 3: contact vs. non-contact. Thus, E,.oustic
in equation (9.4) is equal for both of contact and non-contact ablation. The
differences in Epppe between both cases is about 20% (Figure 8.6) since the
energy used for the bubble formation is proportional to the bubble diameter
(width). The measurement in this present study showed that the kinetic energy
for non-contact ablation was roughly three times greater than that for contact

delivery. Thus, the thermal energy losses for both cases is similar. Furthermore,
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this implies that the thermal energy depends on the absorption of the ablation
target regardless of the light delivery, and excess energy would be dissipated as
acoustic radiation, bubble formation, and kinetic energy.

No displacement of the cuvette was observed when the cuvette didn’t contact
the metal plate. This result is most likely because no force could be reflected from
the rigid metal plate. It was also observed that the displacement of the cuvette
decreased dramatically when a soft material (e.g., tissue paper) was put between
the bottom of the cuvette and the metal plate. This suggests that the kinetic
energy wouldn’t cause the target rebound as long as there is no hard boundary
that causes reflection of the pressure wave. However, the water contained in the
cuvette vibrated. This is most likely caused by the flow motion following the
bubble formation inside the cuvette. It is not clear whether the flow motion
could cause the catheter to move.

In conclusion, this study demonstrated that the kinetic energy generation
strongly depends on the total energy delivered regardless of the light delivery
(e.g., contact and non-contact delivery) and that the kinetic energy generation
is not directly correlated with the acoustic transients. The rebound of the ab-
lation targets occurs only when the target is supported by hard boundary. In
most cardiovascular applications, the obstructed vessels are surrounded by soft
tissues, and it is unlikely that the rebound of thrombus due to the kinetic energy
generation can cause the surrounding vessel to jump, so much that the catheter

impinges on the vessel.
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Figure 9.1: Schematic illustration of two irradiation configurations (contact and
non-contact delivery).



213

optical H photodiode delay
fiber generator

cuvette

v

h

CCD G Zoom lons max b
| t
camera ‘ e strobe
gel

hmax

TEEa  diffusor

metal plate

900
| |

Figure 9.2: Experimental setup for the kinetic energy measurement.




214

before lasing 2 ms after lasing
! A
=
‘E
fiber ” blue layer
blue layer
clear gel clear gel
1mm

Figure 9.3: Side view of a flushing catheter before and after the laser pulse for
contact delivery. A single pulse of 20mJ was delivered onto the blue gel layer
under water.
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Figure 9.4: Side view of a flushing catheter before and after the laser pulse for
non-contact delivery. A single pulse of 60 mJ was delivered onto the blue gel layer
under water.
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Chapter 10

General Discussion and

Conclusions

The global goal of the in vitro studies presented in this dissertation was to
investigate the possibility of photomechanical drug delivery as a new means of
localized drug delivery to thrombus for enhancement of laser thrombolysis. Three

broad subjects investigated were as follows:

e characterization of laser-induced cavitation phenomena that take place dur-

ing photomechanical drug delivery,
e photomechanical drug delivery to thrombus,

e effects of contact and non-contact delivery on laser thrombolysis, drug de-

livery, and kinetic energy generation.

Most experiments were performed on controlled media such as absorbing lig-
uids and gelatin under non-physiological conditions, although the target material

of interest was blood clot. The processes that take place in these controlled
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media provide insight into the phenomena that are taking place during photome-
chanical drug delivery in vivo without the biological variation of real clot. The
underlying motivation for this study was that knowledge of the basic science in-
volved in photomechanical drug delivery may make it possible to specify optimal
laser parameters for the design of localized drug delivery systems. This chapter

summarizes the most important observations and conclusions of this dissertation.

10.1 Laser-induced Cavitation Bubble Dynam-
ics
10.1.1 Threshold Study

Photomechanical drug delivery uses the hydrodynamic pressures arising from
the expansion and collapse of laser-induced cavitation bubbles as a driving force
to deliver clot-dissolving drugs into thrombus during laser thrombolysis to en-
hance the thrombolysis process. To safely achieve photomechanical drug delivery
in arteries, the threshold radiant exposure for bubble formation should be less
than that required to ablate the arterial tissue. Previous studies have measured
the ablation thresholds for lysed blood, thrombus, and atheroma under saline at
577nm, 504 nm, 465 nm and 488 nm using pulsed-dye lasers [37,53,87,136]. Sev-
eral investigators also have extensively investigated the threshold for cavitation
bubble formation in water using the ultraviolet excimer laser (XeCl at 308 nm,
pulse duration = 115ns) and the mid-infrared holmium:YAG laser (wavelength

= 2.12 um) [83,84]. However, no parametric study of the threshold for bubble
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formation in light absorbing liquids, especially in oil, using pulsed-dye lasers has
been reported. The aims of this study were to establish the minimum laser energy
to initiate the bubble formation in light-absorbing liquids with different physi-
cal properties (e.g., heat capacity, latent heat, and viscosity) using a pulsed-dye
laser and to investigate the effects of absorption and radiant exposure on the
thresholds.

The threshold study was presented in Chapter 3. The threshold radiant expo-
sure was meastred as a function of absorption coefficient ranging from 6-300 cm ™!
and fiber size (diameter) ranging from 200-1000 gm. The thresholds for bubble
formation in oil solutions were less than those in water solutions. The two pro-
posed mechanisms for bubble formation in absorbing liquids are: 1) The onset
of bubble formation (i.e., at threshold radiant exposure) depends on the physical
properties of the liquids such as specific heat and absorption coefficient (equation
3.6) and 2) the volume expansion coefficient plays an important role for bubble
formation at supra-thresholds (equation 3.19).

The results of temperature estimation showed that the temperature of a liquid
layer under the fiber tip could reach the boiling point for both water and oil
solutions with higher absorption coefficients (e.g., 300 cm™!) and that the stress
waves caused the decrease in thresholds, resulting in a lower temperature for
the liquids with a lower absorption coefficient (e.g., 6 cm™!). This suggests that
the layer needs to be raised to just above the temperature at the boiling point.
However, this is unnecessary for the solution with a lower absorption coefficient

due to the effect of the stress waves [86].
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The onset of bubble formation is initiated at a threshold radiant exposure
(energy per unit area) rather than the total energy delivered because the temper-
atures of the absorbing layers depend on the radiant exposure and the absorption
coefficient (equation 3.8). As a consequence, the extra energy above the threshold
would be dissipated for the phase change and bubble expansion. The threshold
radiant exposures for bubble formation have been established, which provide im-
portant information for investigating the dynamic behavior of cavitation bubbles
at supra-thresholds. Furthermore, the thresholds for bubble formation in absorb-
ing liquids were much less than those needed to ablate the normal tissue, which
ensures the safe achievement of photomechanical drug delivery in fluid-filled ves-
sels. For example, the threshold for bubble formation in water solution with an
absorption coefficient of 300cm™" is ~17mJ/mm?, while the ablation threshold
for normal rabbit femoral arterial tissue is ~160 mJ/mm? for twenty pulses under

blood (300 cm™" at 480 nm) [55].

10.1.2 Dynamic Behavior of Cavitation Bubbles

Pulsed laser ablation of blood clot in a fluid-filled vessel is always accom-
panied by an explosive evaporation process. The resulting cavitation bubble
rapidly expands and collapses to disrupt the thrombus (blood clot). The hy-
drodynamic pressures following the bubble expansion and collapse can also be
used for photomechanical drug delivery. Although several studies have focused
on the laser-induced cavitation or vapor bubble dynamics [90,91,98,99], no de-

tailed study has been done on the dynamic behavior of a laser-induced cavitation
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bubbles in light absorbing liquids or on soft targets with different physical prop-
erties using a pulsed-dye laser. The aim of this study was to characterize the
cavitation phenomena that take place in these two conditions (see Chapter 4).

The experimental protocols were designed to address the following questions:

e What is the role of laser energy, radiant exposure, and absorption in the

bubble formation at supra-threshold?

e How do the different liquids surrounding a fiber tip or on a target sur-
face affect the bubble formation, and how does the mechanical strength of

thrombus affect the removal process?

e What are the effects of the boundaries of the fiber and container on the

bubble formation under clinically relevant boundary conditions?

Some portion of the extra laser energy above the threshold contributed to
the bubble formation. The bubble volume depended on the laser energy, fiber
size, and absorption coefficient, such that bubbles of the same size could be
produced by suitable selection of these parameters. For example, a cavitation
bubble 3.2 mm in diameter can be produced in unbounded colored oil (300 cm™!)
by a 300 um fiber at 33mJ, by a 600 um fiber at 50 mJ, or by a 1000 um fiber
at 100mJ, with an error estimate of less than 5%. However, the use of a small
fiber produced small bubbles at constant radiant exposure (Figure 4.6). This
observation suggests that there is a threshold effect, i.e., the bubble formation
will be governed by laser energy below this threshold, while the radiant exposure

dominates the bubble dimensions above this threshold.
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The bubble formation in absorbing liquids was strongly affected by the phys-
ical properties of the liquids. The effects of the material properties of the liquids
were not significant when the bubbles were formed on soft targets (thrombus
phantom) under the liquids. This is because bubble formation depends on where
the laser energy is absorbed. When the bubble is formed in absorbing liquids
the physical properties of the liquids such as specific heat, latent heat, and vol-
ume expansion coefficient will dictate the bubble formation, while the properties
of gelatin phantoms will dictate the bubble formation as the bubble is formed
in absorbing gelatin as long as the bubble expansion pressure can overcome the
static ambient pressure of the surrounding liquids. The observation that the me-
chanical strength of gelatin phantoms affected the bubble dynamics confirms this
explanation. I developed a method to visualize the bubble formation on colored
gelatin surface by forming a colored layer on the clear gelatin, and first showed
that a spherical bubble was formed on the absorbing gelatin under clear liquids
rather than a hemispherical bubble.

A theoretical model was used to estimate the bubble volumes formed in ab-
sorbing liquids. This model assumed vaporization of the entire disk of absorbing
liquids under a delivery fiber, rather than vaporization of a fraction of the disk
although some disturbances at nucleation sites were observed beneath the fiber
tip when the laser energy was below the threshold. Good agreement was found

between the model and experimental results.
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10.1.3 Pressure Wave

Pressure waves were emitted upon expansion and collapse of a cavitation
bubble [91]. The amplitude of these pressures are related to the bubble size. A
bubble of same size generated by different laser parameters produces the similar
pressures. The bubble oscillation was observed when the bubble was formed in
absorbing liquids or on targets with higher mechanical strengths (e.g., 5% 300
bloom gelatin phantom). No re-expansion was observed when the bubble was
formed on softer gelatin surface (e.g., 3.5% 60 bloom gelatin phantom) since the
ejection of material followed the bubble collapse. The above mentioned pres-
sures are likely the acoustic transients rather than the hydrodynamic pressure
that caused the flow motion. It is unclear what the relationship between the

hydrodynamic pressure and acoustic transient is.

10.2 Photomechanical Drug Delivery

Although rapidly expanding and collapsing bubbles and high pressure tran-
sients generation inside arteries have been shown to cause perforation and dissec-
tions of arteries [48], these forces might be harnessed under controlled conditions
to produce therapeutic effects. It has been established that the bubbles can
be generated by delivering laser pulses either into absorbing liquids or onto ab-
sorbing targets through fiber-optic catheters. It has also shown that the bubble
expansion and collapse could cause the surrounding fluid to move at a speed up

to 12m/s (see Chapter 5).
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The experiments in Chapters 6 and 7 showed that drug was most likely driven
into the thrombus by hydrodynamic flow that was due to the cavitation bubble
formation, inasmuch as the acoustic transients arising from the bubble formation
since the acoustic transients passed through the sample and reached the trans-
ducer before the colored oil was forced into the gelatin. In this sense, the type of
drug delivery described in this study has been termed as photomechanical drug
delivery. However, it remains unclear whether the acoustic transients contribute
to the delivery through other mechanisms that might weaken the gelatin before
the onset of hydrodynamic flows.

The spatial distribution of drug in thrombus depends on the pressures arising
from the bubble formation. Similar pressures resulted in the similar penetration.
The results of using thrombus phantoms were comparable to those obtained using
porcine clots. The drug deliver to arterial tissue may be achieved using photome-
chanical drug delivery since the fluorescence on the porcine aorta surface was

enhanced after laser irradiation due to the penetrated dye.

10.3 Effects of Contact and Non-contact Deliv-

ery

The results of Chapter 8 demonstrated that the ablation process is profoundly
affected by whether the optical fiber tip is inside a catheter or is in contact with
the thrombus. The contact ablation efficiency of porcine clot was at least three
times greater than the non-contact ablation efficiency. This is because contact

ablation achieved higher bubble expansion pressures for a given pulse energy due
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to the presence of the boundary of the fiber tip [137]. The 1 ym fluorescent micro-
spheres penetrated the mural clot the same distance for both ablation methods,
and this suggests that either method might be used for localized drug delivery to
enhance the thrombolysis process.

The experiments in Chapter 9 demonstrated that the impulsive pressure due
to the kinetic energy generation was proportional to the total delivered energy
regardless of the delivery method. A simple model was presented to quantitatively
analyze the energy balance after a laser pulse is delivered into an ablation target
based on the hypothesis that laser energy is mainly dissipated through heating,
phase changes, acoustic transients, and hydrodynamic flow of liquid (ultimately

converted to kinetic energy).

10.4 Conclusions

In conclusion, this dissertation addressed several aspects of localized drug

delivery with microsecond laser pulses and has demonstrated:

1. The threshold radiant exposures for bubble formation in absorbing oil solu-
tions were less than for bubbles formed in absorbing water solutions. The
volume expansion coefficient may play an important role in bubble forma-

tion at supra-threshold radiant exposure.

2. The laser-induced cavitation bubble dynamics depended on where the laser
energy is absorbed. The effects of density and viscosity of liquids above

the thrombus on the bubble formation are negligible when the laser energy
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is absorbed by absorbing gelatin. The bubble dimensions are significantly
different when the light is absorbed by the liquids. The mechanical strength
of thrombus also affected the bubble formation. The bubble expansion and
collapse could cause the surrounding flow motion at a speed of up to 12
m/s. A theoretical model was used to estimate the bubble volumes formed
in absorbing liquids. This model assumed vaporization of the entire disk
of absorbing liquid under a delivery fiber, rather than vaporization of a
fraction of the disk. Good agreement was found between the model and

experimental results.

. The drug could be driven into thrombus several hundred micrometers and
even a few millimeters in both axial and radial directions when the gelatin
structures were fractured. The results of using gelatin were comparable to
those obtained using porcine clots. The cavitation bubble formation (i.e.,
expansion and collapse) is the governing mechanism for photomechanical
drug delivery. The bubble expansion and collapse produced high hydrody-

namic pressures with an amplitude of several hundred kilopascals.

. The ablation process was profoundly affected by whether the optical fiber
tip was inside a catheter or was in contact with the thrombus when the
laser light was delivered through an optical fiber to the thrombus. The
contact ablation efficiency of porcine clot was at least three times greater
than the non-contact ablation efficiency. Furthermore, the mass removed

per unit laser energy was relatively constant for both laser energy and fiber
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size. The mass ablated was correlated with the expansion and collapse
pressure of the cavitation bubble. This result provides an important piece of
information for designing clinical clot ablation systems: pressure is the most
important factor in establishing the ablation efficiency of a one microsecond
laser pulse. The microspheres penetrated the mural clot the same distance
for both ablation methods and suggests that either method might be used

for localized drug delivery to enhance the thrombolysis process.

5. The kinetic energy generation strongly depended on the total energy deliv-
ered regardless of the light delivery (e.g., contact and non-contact delivery).
Kinetic energy generation was not directly correlated with the acoustic tran-
sients. The rebound of ablation targets occurred only when the target was

supported by a hard boundary.

10.5 Implications

This study has demonstrated the possibility of using microsecond laser pulses
for localized drug delivery to thrombus. The drug could be driven into thrombus
several hundred micrometers and even few millimeters in both axial and radial
directions when the gelatin structures were fractured. The lumen areas increased
by 25% by accounting for the areas that may be potentially dissolved by the drugs.
The results of using absorbing gelatin were comparable to those obtained using
porcine clots. Therefore, the thrombolysis process may be enhanced through

delivery of clot-dissolving drugs to thrombus in vivo.
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It has been shown that the rapidly expanding and imploding bubble may cause
mechanical damage [48]. Reducing the bubble dimensions has been proposed as
a promising strategy for minimizing the photomechanical effect [89-91]. This
study suggests that the bubble size may be reduced by using a liquid in which
small bubbles are formed like oil rather than water.

Photomechanical drug delivery can be achieved selectively by use of different
strategies to generate the laser-induced hydrodynamic pressures in fluid-filled
vessels. One is to generate a bubble on the thrombus due to the absorption of
laser energy by the thrombus in coincidence with injection of drug. In this case,
the effect of drug with different physical properties on the bubble formation will
be negligible. The other method is to create a bubble in the surrounding liquid
(saline or blood), and the bubble dimensions can be controlled by either the
properties of the fluid or by using different laser parameters.

Cavitation bubble formation in this study is similar to that observed when
a Q-switched holmium laser is focused in water. The absorption coefficient of
water at 2.1 ym is 30 cm™!. The Q-switched pulse length is ~1 us and is therefore
comparable with those used in this study. In this study and in those of Jansen et
al. the cavitation bubbles are formed at the fiber tip after the laser pulse owing to
the laser energy absorption by the liquid [84]. The Q-switched holmium laser can
be used for photomechanical drug delivery, although the penetration will be half
that of a 577-nm pulsed dye laser in blood (absorption coefficient of 300 cm™!)
(see Table 6.1).

This study also demonstrated that the contact ablation efficiency of porcine
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clot was at least three times greater than the non-contact ablation efficiency.
Furthermore, the mass removed per unit laser energy was relatively constant for
both laser energy and fiber size. The mass ablated was correlated with the expan-
sion pressure of the cavitation bubble. This result provides an important piece
of information for designing clinical clot ablation systems: pressure is the most
important factor in establishing the ablation efficiency of a one microsecond laser
pulse. This is important because previous studies have demonstrated that cavita-
tion bubbles can structurally deform vessel walls and possibly lead to damage of
the vessel walls [88,97]. Since larger bubbles generate greater pressures, a greater
number of smaller bubbles may allow safer, more controlled, laser ablation of clot
in arteries.

Photomechanical drug delivery may be applicable for drug delivery to arterial
tissue, since promising results of photomechanical drug delivery to porcine aorta
have also been obtained, although further investigation is needed. Thus, this
study is promising because it may help to advance photomechanical drug delivery

from an experimental observation to a clinically useful therapeutic therapy.
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