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Abstract

Microbubbles provide a versatile platform for both ultrasound-mediated therapy and imaging.
This dissertation outlines the design and characterization of two novel microbubble formulations
used in separate photoacoustic imaging and sonothrombolysis applications.

Microbubbles as Photoacoustic Imaging Contrast Agents

Photoacoustic imaging is a noninvasive imaging technique that provides high contrast images
of optical absorption deep within living tissue. Dual-modality ultrasound and photoacoustic
imaging can simultaneously evaluate anatomical tissue properties with ultrasound and molecular
properties with photoacoustics. The two modalities utilize the same ultrasound receive
instrumentation, which provides inherently co-registered images and permits the development of
contrast agents that respond to both light and sound for molecular imaging applications. In this
dissertation, the design, synthesis, and imaging performance of light-absorbing microbubbles
bearing gold nanorods on their surface was evaluated in vitro, in silico, and in vivo. Two responses
to pulsed laser excitation were identified — in response to high laser energy, explosive boiling at
the nanoparticle surface resulted in rapid microbubble expansion and high amplitude, non-linear
photoacoustic emissions; in response to lower laser energies, photoacoustic emissions scaled
linearly with increasing laser fluence, and finite element modeling predicted nanoscale
microbubble radius oscillations at the microbubble resonance frequency. Both of these responses
may be utilized to separate the photoacoustic signal derived from the light-absorbing microbubble
from spurious background tissue signals, thereby increasing the specificity of the imaging

technique and enabling novel molecular imaging approaches.
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Microfluidic Production of Microbubbles for Sonothrombolysis Applications

Intravenous or catheter-directed administration of recombinant tissue plasminogen activator
(rtPA) remains the standard of care for many thrombo-occlusive diseases, including ischemic
stroke, deep vein thrombosis, and pulmonary embolism. However, fewer than 5 % of ischemic
stroke and deep vein thrombosis patients receive thrombolytic therapy due to strict eligibility
criteria and risk of severe bleeding. An alternative approach that has been developed to address
the pressing need for improved recanalization techniques is the combination of rtPA with adjuvant
ultrasound and microbubbles, a technique known as sonothrombolysis. Sonothrombolysis
accelerates recanalization and has been investigated as a means to remove blood clots using lower
doses of thrombolytic agents, thereby reducing the risk of severe bleeding and increasing patient
eligibility for treatment. In this dissertation, the feasibility of a catheter-directed sonothrombolysis
platform was evaluated in vitro and in vivo. Microbubbles were produced in real-time at the distal
end of the catheter by a flow-focusing microfluidic device, and significantly improved
thrombolysis rates were observed in both in vitro and in vivo models. In particular, the potential
for a 3.33 £ 2.16 fold rtPA dose reduction was observed in a rat model of ischemic stroke, and
neurological deficit scores were also significantly improved following sonothrombolysis
treatment. Together, these results suggest catheter-directed sonothrombolysis techniques may
accelerate recanalization and permit rtPA dose reduction, thereby addressing two pressing clinical

needs.
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1.1 Introduction to microbubbles

Chapter 1. Introduction

Ultrasound waves are longitudinal pressure waves that propagate through a medium via
wavelike expansion and compression. Medical diagnostic ultrasound imaging is commonly
performed using ultrasound frequencies between 1 — 15 MHz, permitting the evaluation of
anatomical structures at depths between 0 — 20 cm in the human body. Acoustic waves are
absorbed, reflected, refracted, and scattered as they propagate through tissue and interact with
tissue structures. The reflected and scattered acoustic energy is detected by the ultrasound system
and an image is made that represents the difference in acoustic reflectivity between neighboring
tissue structures. Second to only X-ray imaging, ultrasound is one of the most commonly used
imaging modalities for diagnostic, interventional, and therapeutic applications.®

Ultrasound offers significant advantages over other medical imaging modalities, including
high portability, real-time imaging, non-ionizing imaging, and comparably low cost. Unlike
computed tomography and X-ray, ultrasound is capable of real-time Doppler imaging of blood
flow without the introduction of vascular contrast agents. However, Doppler blood flow signals
can be enhanced by the introduction of ultrasound contrast agents, which extends the clinical utility
of blood flow imaging to smaller blood vessels and permits the assessment of tissue perfusion.’:
To date, ultrasound contrast agents are approved in the United States for contrast enhancement in
liver and cardiac imaging applications and are under investigation in on-going clinical trials for
molecular imaging and therapeutic applications.’!'°

The most common ultrasound contrast agents are microbubbles, which are gas bubbles with
diameters of 1 — 4 pm and a stabilizing lipid, protein, or polymer surfactant shell.!"!> Microbubbles
provide a versatile platform for both imaging and therapy, and this dissertation evaluates the design

and characterization of two novel microbubble formulations for use in separate photoacoustic
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imaging and thrombolysis applications. Accordingly, the dissertation is divided into two separate

sections — one for each specific application enabled by each unique microbubble formulation.
1.1 Introduction to microbubbles

Microbubbles used for diagnostic imaging applications are conventionally designed to provide
circulation lifetimes on the order of approximately 10 minutes. This constrains their design to
incorporate a stabilizing shell (most commonly a lipid monolayer) and a low-solubility gas to limit
gas diffusion and prolong circulation lifetimes. The primary modes of clearance from the
circulation are thought to be filtration by small lung capillaries, dissolution due to gas diffusion,
and phagocytosis by immune cells, including splenic macrophages, neutrophils, and hepatic
Kupffer cells.!*"!® The primary clinical indications in which microbubbles are used are left
ventricle opacification, myocardial perfusion imaging, and hepatic cell carcinoma screening. 317

The acoustic signature of microbubbles may be specifically detected within ultrasound images
on the basis of their unique frequency response. In response to ultrasound excitation, microbubbles
oscillate at the frequency of the acoustic wave and emit acoustic energy at both sub-harmonic and
harmonic frequencies due to the high compressibility of the gas core. Under certain imaging
conditions and using specific beamforming approaches, these emissions at non-fundamental
frequencies may be specifically detected to distinguish between the emissions from microbubbles
and soft-tissue with high sensitivity and specificity.'®?* Microbubbles also exhibit a resonant
frequency that is a function of the microbubble radius and the viscoelastic properties of its
surfactant shell. Microbubble oscillations and acoustic scattering are strongest when the
microbubble is excited at its resonance frequency, which is often in the range of 5 — 10 MHz,

conveniently in the range of diagnostic ultrasound imaging frequencies.?! Collectively, these
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properties make microbubbles excellent ultrasound contrast agents for diagnostic imaging
applications.

The microbubble shell provides a scaffold upon which targeting moieties, drugs, and other
payloads may be attached to endow the microbubble with additional functionality. A common
application is the placement of antibodies or peptides on the microbubbles surface that are targeted
to cell-surface receptors that are of interest to a specific disease state. The targeted microbubble
binds to the cell-surface receptor and the microbubble signal can be used as a surrogate within the
ultrasound image to gauge the expression of the cell-surface receptor.!%?? Of particular interest is
the detection of cell-surface receptors governing angiogenesis in cancer microvasculature, an
application currently under study in the prostate and breast in early-stage clinical trials.'°

Microbubbles oscillate under ultrasound exposure, causing rapid movements of the
microbubble shell that cause mechanical perturbations in the surrounding medium. Under certain
conditions, microbubbles that oscillate in close proximity to cells can cause temporary perforation
of the cell membrane through a process known as sonoporation.”> Sonoporation enables the
delivery of drugs to cells or organs that otherwise could not pass through the cell membrane or
organ boundary.?*? Drugs can be incorporated within the microbubble shell or attached to the
microbubble in liposomes to promote highly localized drug delivery at the site of focused
ultrasound exposure and microbubble rupture.?6->* Enhanced chemotherapeutic drug delivery via
sonoporation has recently been demonstration in pancreatic cancer patients, marking the first

utilization of this technique in humans.’
1.2 Photoacoustic imaging and photoacoustic contrast agents

Photoacoustic imaging describes an imaging modality in which the deposition of optical

energy within a material elicits a rapid thermal expansion and a broadband acoustic transient.
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These acoustic transients may be detected by conventional ultrasound imaging systems to produce
images that are representative of the optical absorption of the material at the wavelength of optical
excitation. Spectroscopic imaging techniques acquire separate images at different optical
wavelengths as a means to characterize the materials contained within the image on the basis of
their optical absorption spectrum. Photoacoustic imaging is promising for measuring blood
oxygenation on the basis of the differing optical absorption spectra of oxy- and deoxy-hemoglobin
and the presence of lipid within atherosclerotic plaque, among other applications.® 3132

Beyond the endogenous sources of optical contrast (e.g. hemoglobin, melanin, lipid),
photoacoustic imaging also utilizes optically absorbing contrast agents to enable molecular
imaging and other applications. Clinically approved dyes include methylene blue and a
fluorophore called indocyanine green.>** As discussed above, these contrast agents often require
spectroscopic imaging techniques to enable their detection, as the emitted photoacoustic signals
are weak and attenuate in the medium before they reach the ultrasound receive system. To
circumvent these limitations, contrast agents based on gold nanoparticles have been developed that
produce photoacoustic responses that are significantly stronger than endogenous sources and
injected dyes.> While not clinically approved, these agents have provided utility in preclinical
models.*

A limitation of most photoacoustic contrast agents is that, to first order, they produce acoustic
emissions with similar frequency content and their photoacoustic emissions scale linearly with
increasing laser amplitude. These limitations mean that photoacoustic contrast agents may only be
detected based on their differing optical absorption spectra and, unlike microbubbles, not on the

basis of their acoustic emissions. In effect, this means that multi-wavelength lasers and

spectroscopic imaging techniques must be employed, which adds significant cost and time to
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photoacoustic image acquisition. Alternatively, if a photoacoustic contrast agent emitted a unique
acoustic signature, then it could be differentiated from the background tissue signal on the basis
of its acoustic emission and not its optical absorption. Part I of this thesis explores the properties
of a light-absorbing microbubble for use in photoacoustic imaging applications and demonstrates
two potential modes of specific detection of these agents from background sources of

photoacoustic signals.
1.3 Microbubbles for sonothrombolysis applications

In addition to the therapeutic applications introduced in Section 1.2, the combination of
ultrasound and microbubbles has also been investigated as a means to accelerate blood clot lysis
in patients with thrombo-occlusive diseases, including ischemic stroke, deep vein thrombosis, and
pulmonary embolism.*¢-3 This therapy is known as sonothrombolysis, and can accelerate clot lysis
through multiple mechanisms. When exposed to ultrasound, momentum is transferred to the
microbubble, resulting in the ultrasound wave pushing the microbubble in the direction of wave
propagation.®® This pushing effect, a result of acoustic radiation force, causes microbubbles to
tunnel within the fibrin mesh of the blood clot, exposing more surface area to thrombolytic drug
and damaging the mechanical integrity of the clot.***> In addition, microbubble cavitation events
—a process in which microbubbles collapse violently after exposure to ultrasound excitation — have
been shown to remove material from both the surface and interior of the clot.***

Sonothrombolysis as a therapy for ischemic stroke has been evaluated in multiple clinical
studies.’**345 QOverall, these studies demonstrated accelerated thrombolysis rates when using
sonothrombolysis instead of intravenous tissue plasminogen activator, but also found an increased
risk of intracerebral hemorrhage — a finding that severely tempered enthusiasm for the therapeutic

approach. The underlying cause of hemorrhagic transformation was unknown, but it was thought
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to have resulted from standing wave formation in the patient’s skull and the effects of off-target
microbubble-ultrasound interactions away from the location of the occlusion. Strategies to increase
the localization of therapeutic delivery to avoid these off-target effects may reduce the incidence
of intracerebral hemorrhage, but they have not been evaluated clinically.**

Aside from ischemic stroke, sonothrombolysis-based therapies may find application for deep
vein thrombosis or pulmonary embolism applications.*® These conditions often require catheter-
directed thrombolysis (CDT) based approaches, in which thrombolytic drug is slowly administered
from the distal end of a catheter placed in close proximity of the occluding thrombus.*->! While
effective in many patients at lysing the thrombus, catheterization and hospitalization times up to
48 — 96 hours are not uncommon, and many patients return with repeat thrombosis or post-
thrombotic syndrome (PTS), a condition marked by swelling of the extremities and severe pain.
4951 Therefore, DVT, in particular, may be well suited for acceleration of thrombus removal by
sonothrombolysis-based approaches.

In Part II of this thesis, a design for a catheter-based sonothrombolysis administration system
is presented. The system was validated in vitro, and the fundamental basis of the technology was

evaluated in a rat model of ischemic stroke. However, as discussed above, this platform could be

extendable to other thrombo-occlusive diseases.
1.4 Microbubble fabrication techniques

Microbubbles are most commonly fabricated via agitation or sonication of a gas-saturated
solution containing the microbubble shell material (e.g. lipid). These techniques produce a large
number ( > 1 billion) of stable microbubbles with a wide range of diameters (e.g. 0.5 — 10 um).
This production technique is well-suited to bedside production of microbubbles for diagnostic

imaging studies, in which a large number of microbubbles are required for intravenous injection
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and stability is required for long circulation lifetimes.’?> However, these properties are not
necessarily well-matched to therapeutic applications, as discussed above in the context of ischemic
stroke and hemorrhagic transformation due to off-target ultrasound-microbubble interactions.

An alternative approach is to fabricate microbubbles using microfluidic devices, in which
pressurized streams of liquid and gas are combined with high precision and repeatability within
microchannels to produce microbubbles.>* Microbubbles produced within microfluidic devices
have near-uniform diameters immediately after production, which can be beneficial for imaging
applications by improving SNR of contrast-enhanced ultrasound imaging.>* In addition,
microfluidic devices can produce targeted or drug-loaded microbubbles via on-chip processes,
thereby reducing processing steps required to attach targeting moieties or drug to the microbubble
shell post-production.3%-%

However, rather than replicating microbubbles that can be produced easily by agitation or
sonication, one of the more interesting capabilities of microfluidic devices is the production of
microbubbles made of unconventional materials that are not widely used in commercial
microbubble formulations. Because the mixing is precisely controlled within the microfluidic
device, the gas and liquid phases meet under precisely known conditions, thereby presenting the
opportunity to make microbubbles from gas or liquid phases that otherwise would be unsuitable
for microbubble production but may impart advantageous properties. For instance, microbubbles
with short-lifetimes, if produced directly within the vasculature, would be active only near the
intended therapeutic target site and would dissolve further downstream, thereby mitigating
potential off-target effects.”’” Microfluidic devices are capable of making such low-stability
microbubbles from high solubility gases and weak surfactant shells in large number with relatively

uniform properties. > This thesis demonstrates that microfluidic bubble fabrication technology
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can be miniaturized to a catheter of human-compatible dimensions for microbubble production
directly within the vasculature. The underlying hypothesis of this work is that, when placed near a
thrombus, the microbubbles produced by the catheter would actively degrade the thrombus and
dissolve further downstream, potentially increasing the safety of catheter-directed

sonothrombolysis techniques.>’
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Part 1I: Light Absorbing Microbubbles for

Photoacoustic Imaging Applications

10



2.1 Abstract

Chapter 2. Investigation of optically absorbing microbubbles for in

vitro and in vivo photoacoustic imaging!

2.1 Abstract

Microbubbles bearing plasmonic nanoparticles on their surface provide contrast enhancement
for both photoacoustic and ultrasound imaging. In this work, the responses of microbubbles with
surface-bound gold nanorods — termed AuMBs — to nanosecond pulsed laser excitation were
studied using high-speed microscopy and photoacoustic imaging. In response to laser fluences
below 5 mJ cm?, AuMBs produce weak photoacoustic emissions and exhibit negligible
microbubble wall motion. However, in response to fluences above approximately 5 mJ cm2,
AuMBs undergo dramatically increased thermal expansion and emit nonlinear photoacoustic
waves of over 10-fold greater amplitude than would be expected from freely dispersed gold
nanorods. At these higher fluences, explosive boiling may occur at the nanorod surface, producing
vapor nanobubbles that contribute to rapid AuMB expansion. The results of this study indicate that
AuMBs are capable of producing acoustic emissions of significantly higher amplitude than those
produced by conventional sources of photoacoustic contrast. /n vivo imaging performance of
AuMBs in a murine kidney model suggests that AuMBs may be an effective alternative to existing

contrast agents for non-invasive photoacoustic and ultrasound imaging applications.

! This chapter contains content drawn from the following peer-reviewed conference and journal publications:

AlJ Dixon, S Hu, AL Klibanov, JA Hossack, “Oscillatory dynamics and in vivo photoacoustic imaging performance
of plasmonic nanoparticle-coated microbubbles.” Small, 11(25), 3066-3077, 2015.

Al Dixon, S Hu, AL Klibanov, JA Hossack, “Empirical and theoretical study of the interaction between plasmonic-
nanoparticle coated microbubbles and nanosecond pulsed laser excitation.” 21% European Symposium on
Ultrasound Contrast Agents (2016), Rotterdam, The Netherlands.

AJ Dixon, S Hu, AL Klibanov, JA Hossack, “Photoacoustic properties of plasmonic nanoparticle coated
microbubbles.” IEEE International Ultrasonics Symposium (2015), Taipei, Taiwan.
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2.2 Introduction

Photoacoustic imaging is a noninvasive imaging technique that provides high contrast images
of optical absorption within living tissue.*® Photoacoustic signals arise from the conversion of
absorbed optical energy to heat, causing transient thermoelastic expansion and subsequent
wideband ultrasonic emission.®*¢! While first explored for the detection of endogenous sources of
optical contrast (e.g. hemoglobin, melanin), photoacoustic imaging has been extended to molecular
imaging applications through the use of exogenous contrast agents, such as dyes and
nanoparticles.>>*6® In particular, plasmonic metal nanoparticles exhibit optical absorption cross-
sections that are orders of magnitudes higher than those of endogenous tissue chromophores and
are effective molecular imaging agents when functionalized with moieties targeted to specific
molecules,5465:67-69

The sensitivity, specificity, and imaging depth of photoacoustics are limited by the efficiency
with which optical absorbers convert light energy to sound.’’ The origin of biomedical
photoacoustic signals has historically been restricted to photothermal expansion of liquid or solid
materials that possess relatively small coefficients of thermal expansion. The acoustic transients
produced by these materials are weak, which significantly limits the signal-to-noise ratio (SNR)
and penetration depth of in vivo photoacoustic imaging.>**>7" While the introduction of plasmonic
nanoparticles has enhanced the sensitivity of photoacoustic imaging on account of their greatly
increased optical absorption, their photoacoustic emissions are still derived from thermoelastic
expansion, which fundamentally limits the magnitude of the photoacoustic transient.”!”> However,
new classes of photoacoustic contrast agents that utilize vaporization and gaseous expansion for
photoacoustic signal generation have recently demonstrated photoacoustic emissions several

orders of magnitude greater than those typically encountered in biomedical photoacoustic
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imaging.”'”7* Furthermore, some formulations of these new contrast agents enhance photoacoustic
emissions at laser fluences below the current safety limits for laser irradiation, thereby enabling
optically-guided, deep tissue therapy and imaging.”'"7®

Photoacoustic signal generation via gaseous expansion is achieved by using either a liquid
perfluorocarbon precursor that vaporizes upon laser excitation or a preformed gaseous

71-75,77-81

microbubble. Preformed microbubbles bearing gold nanoparticles on their surface

produce significant photoacoustic signal enhancement when compared to freely dispersed gold

nanoparticles.”>’®

These agents are referred to as AuMBs, and unlike phase-change
perfluorocarbon nanodroplets, increased pressures are not derived from the vaporization of a liquid
perfluorocarbon precursor.”'”’* The exact mechanisms underlying photoacoustic signal
enhancement from AuMBs are not well characterized. However, Dove et al recently demonstrated
that, for AuMBs bearing 5 nm diameter gold nanospheres on their surface, conductive heat transfer
from the nanospheres to the gaseous core induces AuMB oscillations that enhance the
photoacoustic response by approximately 8-fold relative to freely dispersed gold nanospheres.**7>

In this work, we propose an additional mechanism for the photoacoustic enhancement observed
from AuMBs and describe a fluence-dependent nonlinear behavior that has not been previously
reported. High-speed video microscopy and photoacoustic imaging results confirm that that when
the gold nanoparticles are heated to higher temperatures, AuMBs exhibit radial expansion
dynamics that scale nonlinearly with laser fluence. In this nonlinear regime, conductive heat
transfer cannot confer enough energy to the gaseous core to account for the up to 3-fold increase
in AuMB radius that was observed experimentally. Rather, these results suggest that AuMB

expansion in response to high laser fluence is driven by vapor-bubble formation on the gold

nanoparticle surface and rapid mass-transfer from the vapor bubbles to the expanding AuMB. 2%
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3% Indeed, altered heat-transfer dynamics at the nanoparticle-microbubble interface may promote
nanobubble formation at lower fluence than is typically required for homogeneous nucleation of
vapor bubbles, thereby enabling high-SNR, vaporization-based photoacoustic imaging at safe laser

fluence 72,82-85

2.3 Materials and Methods

2.3.1 Synthesis and Characterization of AuMBs

PDP-microbubbles were comprised of DSPC (2 mg ml™') and PDP-PEG2000-DSPE (1 mg ml°
1) (Avanti Polar Lipids) in aqueous saline and were fabricated by dispersing decafluorobutane
(DFB) gas in the lipid micellar aqueous media. Following fabrication, the microbubbles were
subjected to centrifugal flotation to remove excess free lipid not associated with the microbubble
shell. AuNRs (10 nm x 35 nm, Nanopartz, Inc) with 750 nm peak optical absorption and a neutral
surface charge were centrifuged three times in fresh saline at 12000xg for 10 min to remove excess
stabilizing ligands from solution.®® To complete the conjugation, approximately 9x10'> AuNRs
were incubated with 5x10® microbubbles under a DFB gas headspace for 24 hr under gentle
agitation. Unattached AuNRs were removed by a final series of gravitational floatation steps (see
Figure 2-1). Floatation separation was performed until the optical density of the supernatant was
less than 0.05, indicating the removal of freely dispersed AuNRs.®® The surface charges of
microbubbles, AuMBs, and AuNRs in 0.9% NaCl were measured by a Zetasizer Nano S
(Malvern). Transmission electron microscopy (JEOL 2000-FX) was performed on a dilute
suspension of AuMBs. Prior to placement in the TEM sample chamber, the AuMBs were

incubated with 2% uranyl acetate for 30 s to provide a negative stain.
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Figure 2-1: AuNR and AuMB optical absorption during AuMB preparation
The blue curve is the optical absorption of 9x10'> AuNR prior to incubation with 5x10® microbubbles. The black,
red, green curves are the optical absorption of the three washes following incubation. Note that the OD is less than
0.05 following the third wash, indicating that the majority of unbound AuNRs have been removed. The pink curve
is the optical absorption of AuMBs, prepared as described in the methods section.

2.3.2 Determination of AuNR Loading Efficiency on AuMBs

Conjugation of AuNRs was performed by incubating 9x10'?> AuNRs with 1x10° microbubbles
overnight in a glass vial with decafluorobutane (DFB) headspace as described in the methods
section. Prior to incubation, the optical density of 9x10'> AuNR/ml was measured using a
NanoDrop 2000c. A concentration of 9x10'?> AuNR/ml repeatedly yielded a peak optical density
0f 9.7 £ 0.3 (n=6 trials). Following incubation, AuNRs that were not associated with AuMBs were
removed by floating the AuMBs to the top of the vial and removing the remaining infranatant
containing unbound AuNRs. Floatation and separation of the AuMBs and freely dispersed AuNR
fractions was performed a minimum of three times to ensure removal of unbound AuNRs. The
optical densities of each infranatant fraction were measured and are shown in Figure 2-1 to
demonstrate removal of unbound AuNRs through the serial wash steps. The optical density of the
AuNRs remaining in the AuMB fraction was measured by collapsing the AuMBs via repeated

over-and under-compression in a syringe. This process destroys the gas microbubbles but leaves
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Figure 2-2: Experimental apparatus for acquisition of high-speed camera and photoacoustic data from
single AuMBs and AuNRs.

The samples were placed in a 200 pm diameter cellulose tube and light was focused onto the sample using a 100X
water immersion objective. Photoacoustic waves were recorded by a 10 MHz ultrasound transducer and high speed
cameras were used to record the images produced by the 100X objective. The optical and acoustic foci were
aligned on a 200 um cellulose tube containing the sample. Note: not to scale.

the lipid shell and gold nanorods in solution, thereby eliminating the optical scattering caused by
the microbubbles. The peak optical density of the collapsed AuMBs measured 1.9 + 0.2 (n=6),
corresponding to a concentration of 1.9x10'> AuNR/ml, and exhibited a small red-shift, as shown
in Figure le. In addition, the number of AuMBs remaining from the initial 5x10% microbubbles
were counted using a Microsizer 3 Coulter Counter (Beckman Coulter). On average 4.0x10% +
2.1x10” AuMBs remained following all incubation and wash steps, corresponding to an AuNR

load of approximately 4300 + 710 AuNR per AuMB.
2.3.3 Determination of the Threshold Fluence for Vapor Nanobubble Formation

The onset of cavitation for single AuMBs and freely dispersed AuNRs were (1x10'2 AuNR/ml)
studied separately in the experimental setup shown in Figure 2-2. Fluences above ~5 mJ cm™
caused permanent photobleaching of the AuNRs, so the solution in the tube was circulated to

ensure that new AuNRs were studied with each laser pulse. The formation of a vapor bubble was
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Figure 2-3: Photoacoustic transients emblematic of vapor bubble formation around AuNR

(Left) Acoustic signal from a cavitation event around AuNRs (1x10'> AuNR/ml, 80 mJ/cm? fluence, 0 averages).
(Right) Acoustic signal from a non-cavitation event around gold nanorods (1x10'> GNR/mI, 1 mJ/cm? fluence, 64
averages).

confirmed based on the transient acoustic emission detected from this region. Vaporization events
produced a high-amplitude acoustic transient that was well above the noise floor of the detection
system, while non-vaporization events produced weak acoustic transients that often required signal
averaging to detect clearly (Figure 2-3). A vaporization event was defined as one in which the
acoustic signal within the recording time window exceeded a threshold voltage set at twice the
voltage that would be expected of a linear contrast agent. The vaporization probability is defined

as the number of cavitation events detected divided by the total number of laser shots.
2.3.4 High-speed microscopic and photoacoustic observation of AuMB Dynamics

The experimental configuration is shown in Figure 2-2. Excitation light produced by a pulsed
optical parametric oscillator (OPO) laser (Spectra Physics, Newport Corp.) operating at 750 nm
wavelength, 20 Hz pulse repetition frequency, and 5 ns pulse width was passed through the back
lightport of an inverted microscope (IX51, Olympus) and focused through a 100X water-

immersion objective (NA=1.0) to a spot size of 9 um radius. A 200 pm diameter cellulose tube
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(Spectrum Labs) was positioned in the optical focus and contained a dilute suspension of AuMBs.
The acoustic focus of a 10 MHz, 0.5 inch diameter ultrasound transducer (V303, Panametrics,
Olympus) was co-aligned with the optical focus, and photoacoustic waveforms were received and
amplified (40 dB) by a 5900PR pulser-receiver (Panametrics, Olympus) and digitized by an
oscilloscope at a 200 MHz sampling frequency (LC334AL, LeCroy). Optical energy density
incident on the cellulose tube was measured by a pulsed optical power meter (918D, Newport
Corp). Pulse-to-pulse variation in laser output was approximately 11% and did not vary with
fluence. The pulsed laser triggered the acquisition of 24 two-dimensional high-speed camera
images (SIMD24, Specialised Imaging) and a single one-dimensional streak camera image
(OptoScope, Optronis GmbH). The 2-dimensional images had user-selected interframe times of
10-50 ns and the streak camera had a user-selected temporal resolution of between 200 and 600
ps. A xenon flash-lamp was used to provide high-intensity illumination for the short exposure,
high-speed imaging. Microbubble radii were measured manually in MATLAB from streak images
and automatically on the 2D images using a snake-based image segmentation algorithm in

MATLAB.Y
2.3.5 Multimodality in vitro and in vivo imaging

All B-Mode, pulse inversion, and photoacoustic images were acquired using a CL15-7
transducer connected to a Verasonics V-1 programmable ultrasound imaging system with 128
transmit and 64 receive channels (Verasonics, Redmond, WA). B-mode imaging (1 cycle pulse,
15 dB gain) was performed with a transmit frequency of 15 MHz and images were formed by
spatially compounding seven separate acquisitions acquired at transmit steering angles between
+12 degrees to reduce speckle and improve image quality. Pulse inversion (2 cycle pulse, 15 dB

gain) imaging was performed using a transmit frequency of 7 MHz and a bandpass filter with
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cutoff frequencies at 8§ and 15 MHz to suppress tissue signal and preferentially retain higher
frequency harmonic emissions from the AuMBs.!” Photoacoustic imaging was performed by
coupling excitation light produced by a pulsed optical parametric oscillator (OPO) laser (Spectra
Physics, Newport Corp.) into the common end of a bifurcated fiber bundle (CeramOptec) and
aligning the output of the fiber bundle with the imaging plane of the CL15-7 linear array ultrasound
transducer. All ultrasound and photoacoustic data was acquired with a sampling frequency of 45
MHz and the mechanical index (MI) at the elevational focus of the transducer was approximately
0.4 for both B-mode and PI imaging.

For the in vitro imaging study, a 1% agar / 5% gelatin flow-phantom was formed by placing 2
mm diameter PTFE tubes in the gelatin while it cured. The tubes were removed once the gelatin
solidified to reveal the empty channels. The contrast agents, in concentrations stated in section 2.5,
were flowed through the channels at a flow velocity of 0.1 mm/s by a syringe pump (PHD 2000,
Harvard Apparatus). Photoacoustic images (5 mJ cm™ fluence, A = 750 nm) were averaged 9 times

while pulse inversion acquisitions were not averaged.
2.3.6 In Vivo Imaging of AuMBs

For the in vivo imaging study, a female C57BL/6 mouse was anesthetized using 1.5%
isoflurane and 98.5% room air following proper animal care and use protocols (approved by
University of Virginia Animal Care and Use Committee [ACUC]). The kidney was located on the
imaging system using B-Mode ultrasound, and 50 million AuMBs in a volume of 100 ul were
administered via retro-orbital injection. B-Mode, pulse-inversion, and photoacoustic (5 mJ cm™
skin fluence, 9 averages per image) radiofrequency data were acquired immediately following
AuMB injection. Raw radiofrequency data was beamformed, 1Q-demodulated, logarithmically

compressed, and normalized to the maximum value in each image prior to being displayed on an
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image grid with isotropic resolution. Images are presented on a dB scale with linear color maps.
The kidney was manually segmented and its outline was overlaid on the pulse-inversion and

photoacoustic images for reference.

2.4 Results

2.4.1 Synthesis and Characterization of AuMBs

Microbubbles were comprised of 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- [PDP (polyethylene glycol) - 2000] (PDP-
PEG2000-DSPE) lipid with a decafluorobutane (DFB) gas core. The presence of the PDP group

enabled direct gold-thiol linkage of AuNRs to the surface of the microbubble, as depicted in Figure

not to scale
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Figure 2-4: Schematic and TEM characterization of AuMBs
(a) Schematic of AuNR linkage to microbubble surface. (b) Suspensions of AuMBs (left) and plain microbubbles
(right). (c) Representative TEM image of AuNRs on the microbubble surface. Note the presence of both AuNR
clusters and single AuNRs. (d) Significantly reduced AuNR loading on surface of microbubble with no PDP group.
(e) Optical absorption spectra of freely dispersed AuNRs and AuNRs bound to AuMBs. Note the red-shift of the
longitudinal plasmon resonance observed for AuMBs
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5-4A.% After overnight incubation with AuNRs, the microbubble suspension turned from opaque
white to dark brown, indicating a change in optical absorption (Figure 2-4B). Following a series
of wash-steps to remove unbound AuNRs, an estimated 4300 + 710 AuNRs were associated with
each microbubble, corresponding to a loading efficiency of 19 + 3% (Figure 2-1). Direct binding
of AuNRs to the microbubble surface was confirmed by transmission electron microscopy (TEM,
Figure 2-4C). AuNRs associated with the microbubble shell as both single AuNRs and AuNR
aggregates of varying size and orientation. AuMBs exhibited a statistically significant red-shift in
peak absorbance from 749.0 £ 1.9 nm to 757.5 £ 3.1 nm, which may be the result of refractive
index change related to the lipid shell or plasmonic coupling between AuNRs (n = 6, p < 0.05,
Figure le).>*® Notably, far fewer AuNRs associated with microbubbles lacking PDP on their
surface, suggesting that the presence of PDP was required for association of the AuNRs with the
microbubble shell (Figure 2-4D). The surface zeta-potentials for the AuNRs and microbubbles
were 0.10 + 0.51 and -0.35 + 0.83 mV, respectively, ruling out a strong electrostatic coupling

mechanism.
2.4.2 AuMB Responses to Nanosecond Pulsed Laser Excitation

AuMB responses to single 5-ns laser pulses were recorded by high-speed photography and
photoacoustic emissions were simultaneously measured by a focused 10 MHz ultrasound
transducer. Two distinct behaviors were observed that were dependent upon the laser fluence.
Below approximately 5 mJ cm, no microbubble wall motion was observable in the microscopy
images, although low amplitude photoacoustic emissions were detected.” However, above 5 mJ
cm™, single AuMBs rapidly expanded and contracted, producing strong photoacoustic responses.
Figure 2-5A,D,G show 1-D streak camera images and temporally registered 2-D snap-shots of

single AuMB responses to 20, 10, and 5 mJ cm laser fluences, respectively. Each AuMB radial
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response is marked by a rapid expansion and contraction, although some AuMBs (Figure 2-5A,D)
exhibited a prolonged compressional phase relative to their initial rate of expansion. Rapid AuMB
expansion following laser excitation was observed more frequently at higher fluences and resulted
in higher AuMB wall velocities and larger amplitude photoacoustic waves.

Radius-time and wall-velocity curves for each AuMB are presented in Figure 2-5B,D,H, and
the measured photoacoustic emissions are presented in Figure 2-5C,F,I. As shown by the radius-
time and velocity curves, peak AuMB wall velocities occur within the first 50 ns following the
laser pulse or upon AuMB compression. According to potential flow theory, the acoustic pressure
emitted by an oscillating bubble may be expressed as a function of its velocity potential:

@ = —R?Rr1 Equation 2-1

R(t)

p(r,t) = —p,¢ = pr(R(t)R(t) + 2R(t)) Equation 2-2

where @ is the velocity potential, p,, is the density of water, R(t), R(t), and R(t) are the bubble
radius and its time derivatives, and r is the recording distance.** The calculated acoustic response
for each bubble is presented by red waveforms in Figure 2-5C,F,I. The agreement between the
measured and calculated acoustic signals suggests that the acoustic emission may be accurately
described by potential flow theory, even though AuMB expansion was triggered by rapid heat
deposition on the AuMB surface rather than an externally applied pressure source.**’

AuMB radial dynamics were investigated further for fluences of 5, 10, and 20 mJ cm™. Similar

to vapor bubble formation around plasmonic nanoparticles, the average relative radial expansion,

Rmax

R (Figure 2-6A), bubble expansion lifetime (Figure 5-6B), and wall velocities increased with
0

Rmax

increasing laser fluence.®*? A strong positive correlation between peak wall velocity and -
0

was also observed (r>=0.71, Figure 2-6E), while the AuMB initial radius did not appear to impact
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Figure 2-5: High-speed and streak camera observations of AuMBs undergoing nanosecond pulsed laser

excitation

(a,d,g) Streak camera and temporally registered 2-D snapshots for single AuMBs exposed to single laser pulses
0f 20, 10, and 5 mJ/cm? fluence, respectively. The x-axis of these 2D plots is time (ns), while the y-axis is distance
(um). The black, vertical dotted lines on the streak images indicate when the corresponding 2-D snapshot was
acquired, and the black arrows indicate the time at which the laser pulse was applied. (b,e,h) Radius and wall
velocity curves as a function of time for each AuMB. (¢,f,i) Measured acoustic emission from each AuMB (black
curve) along with the calculated acoustic emission derived from Equations 2-1 and 2-2 (red curve).

AuMB wall velocities (data not shown). Notably, in all cases, the AuMB remained intact following

laser irradiation, however, on average, the final AuMB radius decreased following laser exposure

in a fluence-dependent manner (Figure 2-6D).”° Also, as predicted by Equation 2-2, a positive

correlation was observed between the measured photoacoustic signal amplitude and the

microbubble wall velocity (1> = 0.63, Figure 2-6F). 449293
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Figure 2-6: Compilation of AuMB radial dynamics and photoacoustic properties following excitation by a
nanosecond pulsed laser source

Compiled results of high-speed camera and photoacoustic observation of single AuMB interactions with 5-ns
duration laser pulses. (a) Relative AuMB radial expansion, (b) AuMB expansion lifetime, (c) peak wall velocity,
and (d) relative change in AuMB radius following laser excitation as a function of laser fluence. (¢) Peak AuMB
wall velocities as a function Rmax/Ro and (f) peak photoacoustic signal as a function of peak AuMB wall velocity.

2.4.3 Photoacoustic Emission from AuMBs

Individual AuMBs and freely dispersed AuNRs (1x10'> AuNR/ml, OD = 10) were exposed to
5 ns duration laser pulses at fluences between 0.1 and 50 mJ cm?, and the peak-to-peak amplitude
of the photoacoustic signal as a function of fluence was recorded (Figure 2-6A). This concentration
of freely dispersed AuNRs was chosen for comparison with single AuMBs because approximately
3000 — 6000 AuNRs were contained in the optical focus of the 100X objective, which is
comparable to the number of AuNRs on a single AuMB. Below approximately 5 mJ cm™, both

AuMBs and freely dispersed AuNRs behave as linear photoacoustic contrast agents, which

. . o T) AT
produce a pressure rise, pg, in response to pulsed laser excitation: poy = K ’2 = I'p,®, where

B(T) is the thermal coefficient of volumetric expansion, AT is the local temperature increase, k is

the isothermal compressibility, I' is the dimensionless Griinesien parameter of the surrounding
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Figure 2-7: Nonlinear photoacoustic response of AuMBs with increasing laser fluence

(a) Peak-to-peak photoacoustic signal amplitudes of single AuMBs and freely dispersed AuNRs (inset) versus
laser fluence. (b) Probability of photoacoustic cavitation as a function of fluence for AuMBs and freely dispersed
AuNRs. Note the reduction in fluence required to initiate cavitation in AuMBs versus AuNRs (c¢) Photoacoustic
amplitude of a single AuMB exposed to 25 laser pulses at varying fluence. Note that different AuMBs were used
at each fluence due to AuNR conversion to gold nanospheres.

medium, p, is the absorption coefficient of the nanoparticle, and @ is the laser fluence.?%3>394
For fluences up to approximately 5 mJ cm™, the photoacoustic signal from single AuMBs scales

linearly with increasing fluence and is 5.4 + 0.6 fold greater than the signal recorded from the
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freely dispersed AuNRs (Figure 2-7A, inset). However, above 5 mJ cm™, the photoacoustic
amplitude scales nonlinearly with increasing laser fluence due to rapid AuMB expansion, as
described above.*+?29395% At these increased fluences, the relationship between fluence and
photoacoustic amplitude is best described by a nonlinear power law relation, y = ax*, with k =
3.1. As a result of this nonlinear relationship, the median photoacoustic amplitude at 20 mJ cm™
is 5.8-fold higher than would be expected if photoacoustic amplitudes continued to scale linearly
with fluence above 5 mJ cm™.

In addition, the threshold fluence for homogenous nucleation of vapor nanobubbles on the
surfaces of AuNRs was studied. The presence of nanobubble formation within the optical focal
region was determined based on the magnitude of the acoustic emission detected from this region
(Figure 2-3). The homogeneous nucleation threshold fluence is defined as the fluence at which
nanobubble formation occurs 50% of the time.>> The probability of nanobubble formation as a
function of fluence for single AuMBs and freely dispersed AuNRs is shown in Figure 2-7B.
Association of the AuNRs on the AuMB surface reduced the fluence threshold for nanobubble
formation from approximately 42 mJ cm? to 8 mJ cm™, consistent with the results of previous
studies on aggregated plasmonic nanoparticles.?>7%9%97

Finally, photoacoustic signals were recorded for single AuMBs exposed to multiple laser
pulses at fluences of 1, 5, 10, and 20 mJ cm™ (Figure 2-7C). The photoacoustic signal of AuMBs
exposed to fluences up to 5 mJ cm™ are relatively stable, but photoacoustic signal enhancement
only persists for 1 to 2 laser pulses above 5 mJ cm™ due to permanent photothermal conversion of
AuNRs to gold nanospheres.”®* Notably, while the photoacoustic signal decayed rapidly over

multiple pulses at high fluence, the AuMBs persisted as intact microbubbles, although with
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substantially decreased optical absorption at 750 nm and with a decreased radius following laser

excitation (Figure 2-6D).
2.4.4 In vitro Multi-modality Imaging of AuMBs

In vitro photoacoustic and ultrasound pulse inversion imaging performance was assessed by
placing AuMBs (10x10° per ml), freely dispersed AuNRs (5x10'° per ml), or freely dispersed
AuNRs (5%10'° per ml) plus non-PDP microbubbles (10x10° per ml) into separate flow channels
molded into a gelatin phantom. The sample of freely dispersed AuNRs and non-PDP microbubbles
was prepared by adding the AuNRs to the microbubbles immediately prior to imaging so as to
limit any interactions between the two contrast agents. As shown in Figure 2-8B,C both channels
containing microbubbles provided approximately 31.6 = 4.7 dB increased contrast in pulse
inversion imaging mode, while the center of the channel containing freely dispersed AuNRs
provided no contrast above background. Note that the pulse inversion imaging mode specifically
detects microbubbles by canceling out linear acoustic backscatter from tissue and preferentially
retaining non-linear acoustic signals produced by microbubble oscillations. '

Conversely, all three samples provided photoacoustic imaging contrast, although with
markedly different image characteristics. First, the freely dispersed AuNRs generated a
photoacoustic image consistent with illuminating a cylindrical target with homogenous optical
absorbance (Figure 2-8A).°° As shown, no contrast enhancement was observed in the lumen of the
channel, but signals from the top (17.3 = 3.2 dB) and bottom (13.1 &+ 2.9 dB) interfaces are clearly
distinguishable. The AuMBs also produced a strong photoacoustic signal from the top interface
(15.6 £ 2.7 dB) and additionally provided enhanced contrast in the center of the lumen (11.9 + 3.1
dB) (Figure 2-8B), implying heterogenous optical and acoustic absorption and scattering

1'60

conditions within the channel.®” Finally, the sample of freely dispersed AuNRs and non-PDP
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Figure 2-8: in vitro ultrasound and photoacoustic images of AuMBs

(a) PA and PI images of freely dispersed AuNRs (5x10'° per ml) within a gelatin flow phantom. (b) PA and PI
images of AuMBs (1x107 per ml) within a gelatin flow phantom. (c) PA and PI images of microbubbles (1x107
per ml) and freely dispersed AuNRs within a gelatin flow phantom. All PA data was taken with the following
parameters: A=750 nm, 5 mJ cm? fluence, image comprised of 9 PA averages. PA and PI images are displayed on
a linear scale with 20 and 40 dB of dynamic range, respectively.

microbubbles also produced a photoacoustic signal from the top interface (13.7 + 2.1 dB), but the
signal from the lumen was of significantly lower amplitude (4.4 = 1.7 dB) than the signal produced

by the AuMBs (p <0.01).
2.4.5 In Vivo Multi-modality Imaging of AuMBs

Approximately 50x10° AuMBs were administered to a C57BL/6 mouse via retro-orbital
injection to assess the in vivo imaging potential of AuMBs. B-mode, pulse-inversion, and

photoacoustic images of AuMBs circulating in the murine kidney vasculature are shown in Figure
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Figure 2-9: in vivo imaging of murine kidney following injection of AuMBs

(a) 15 MHz B-mode image of murine kidney (outlined in blue) prior to AuMB administration displayed with 60
dB dynamic range. (b) Pulse-inversion image of kidney demonstrating approximately 20 dB peak-ultrasound
contrast enhancement by AuMBs in the renal vasculature. (¢) Simultaneously acquired photoacoustic image of
AuMBs circulating in kidney demonstrating approximately 5.7 dB average photoacoustic contrast enhancement
(A=750 nm. 5 mJ cm? skin fluence. image comprised of 9 photoacoustic averages).

2-9. As shown in Figure 2-9B, the AuMBs enhance the ultrasound contrast by 16.8 £ 3.7 dB in the
kidney vasculature, confirming that the presence of the AuNRs on the AuMB surface does not
significantly impact their ability to provide acoustic contrast.”””® Additionally, the AuMBs
provided an average of 5.7 + 1.6 dB photoacoustic contrast (skin fluence = 5 mJ cm™) that was

spatially co-registered with the AuMB signal in the pulse inversion image. Ultrasound contrast
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enhancement persisted for approximately twelve minutes, while photoacoustic contrast
enhancement only lasted approximately three minutes. The mouse experienced no short-term

adverse effects to heart or respiration rates as a result of AuMB administration.
2.5 Discussion

2.5.1 AuMB Response in the Linear Regime

In the linear regime, the amplitude of AuMB photoacoustic emissions scales linearly with
increasing laser fluence. This behavior mimics that of AuNRs, with the exception that the AuMBs
studied in this work produced photoacoustic emissions of 5.4-fold greater amplitude than highly
concentrated AuNRs (1x10'3 ml"!, OD=10). A similar result was first reported by Dove et al, who
measured an 8-fold increase in photoacoustic signal amplitude from AuMBs templated with 5 — 7
nm gold nanospheres.”” Photoacoustic signal enhancement from AuMBs is probably due to a
combination of factors, not least of which is the reduced inter-particle spacing when AuNRs are
attached to the microbubble surface. As an example, the freely dispersed AuNRs studied in this
work have an approximate inter-particle spacing of 570 nm (1x10'3 ml'). The TEM results
presented in Figure 2-4 indicate that AuNRs are spaced much more closely on the AuMB surface
(average inter-particle distance << 100 nm). Therefore, the microbubble acts as a scaffold for
preferentially arranging AuNRs at significantly reduced inter-particle distances, which is known
to permit thermal field overlap and produce enhanced photoacoustic emissions. 3+9%100

Another possible mechanism for photoacoustic enhancement is AuMB expansion and
oscillation in response to laser excitation.”!°%192 Dove et al empirically demonstrated that, in
response to low-fluence excitation, AuMBs bearing 5 — 7 nm diameter gold nanospheres on their

surface oscillated at or near the resonance frequency of the microbubble. In their study, AuMB

radial oscillations ranged between 2 — 10 nm, and the AuMB response from several hundred
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thousand consecutive laser pulses was averaged to enable the measurement.’”® The requirement for
stability over this many laser pulses limited the maximum fluence that each AuMB could be
exposed to before new nonlinear behaviors, such as those reported in the present study, adversely

affected the measurement.
2.5.2 AuMB Response in the Non-Linear Regime

At fluences above approximately 5 mJ cm, AuMB photoacoustic amplitudes and radial
dynamics begin to scale nonlinearly with increasing laser fluence. Rapid AuMB expansion in this
nonlinear regime may be driven by a combination of microbubble gas core expansion and vapor
nanobubble formation on the surface of the AuNRs. In this scenario, as the wall of the microbubble
core rapidly expands due to conductive heating, it envelopes vapor nanobubbles as they form in
response to heating above the homogenous nucleation temperature. Homogeneous nucleation
begins to occur at temperatures around 80% - T, and produces vapor nanobubbles of diameters
between 10 — 1000 nm.>'® Large AuMB expansion at fluences below that which is required to
elicit homogeneous nucleation may result from the presence of AuNR clusters on the AuMB
surface, which are known to reduce the fluence required for vapor nanobubble formation, 342%-100

Interestingly, AuMB expansion in this nonlinear regime resulted in approximately spherically
symmetric expansion and compression in close to 70% of AuMBs studied. This is in contrast to
polymeric microcapsules recently described by Lajoinie et al, which exhibited discrete gas

1.3 Symmetric AuMB expansion

nucleation sites located within a dye-loaded, thick polymer shel
may suggest relatively uniform AuNR loading on the AuMB surface, and observed departures
from this behavior may indicate the presence of large AuNR clusters acting as discrete nucleation

sites on the AuMB surface.’***1% In any case, the formation of a large secondary vapor

nanobubble of <1 um diameter on the surface of an AuMB, provides direct evidence in support of
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our hypothesis that vapor nanobubble formation plays a role in the rapid AuMB expansion
observed in the nonlinear regime.

While AuMB expansion and compression is a violent process, with wall velocities up to 94 m
s, it was not observed to cause fragmentation of the AuMBs at fluences up to 20 mJ cm. Chomas
et al conducted detailed studies on the acoustic destruction threshold of microbubble contrast
agents and determined that wall speeds up to several hundred meters per second and relative radial
expansions exceeding 3-fold were required for consistent destruction of lipid-shelled
microbubbles. %1% In this study, no AuMBs exposed to fluences below 20 mJ cm™ reached these
limits, and as a result, remained intact following laser excitation. However, these walls speeds are
probably sufficient to temporarily permeabilize cell membranes via sonoporation and mobilize
small particles via acoustic radiation force, enabling the delivery of membrane impermeable drugs

to cells with fine spatiotemporal control.?*8%107:108
2.5.3 In Vitro and In Vivo Imaging with AuMBs

Deploying optical contrast agents on the surface of microbubbles preserves the concomitant
advantages that microbubbles afford to ultrasound imaging, primarily: contrast enhancement,
therapeutic enhancement via sonoporation, manipulation by acoustic radiation force, and
endothelial-cell specific molecular imaging.!>2*107:19-114 Both acoustic and photoacoustic contrast
enhancement was observed from AuMBs in vitro (Figure 2-8), with AuMBs providing
significantly more contrast enhancement within the lumen than either freely dispersed AuNRs or
a suspension of unbound AuNRs with microbubbles. In addition, AuMBs provided approximately
7.5 + 2.6 dB enhanced contrast when compared to the suspension of freely dispersed AuNRs and
microbubbles, providing further evidence of photoacoustic signal enhancement derived from

AuNR aggregation on the microbubble shell.
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The in vivo pulse inversion images (Figure 2-9B) confirm that AuMBs provide 16.8 + 3.7 dB
ultrasound contrast enhancement, and individual vessels within the murine kidney are easily
resolved. Photoacoustic signal enhancement of 5.7 + 1.6 dB by AuMBs up to an imaging depth of
10 mm (Figure 2-9C) demonstrates suitable photoacoustic imaging signal for in vivo applications.
Individual blood vessels are not resolvable in the photoacoustic images, primarily due averaging
data across multiple photoacoustic acquisitions to achieve suitable SNR. Ultrasound contrast
enhancement persisted for approximately twelve minutes, while photoacoustic contrast
enhancement only lasted approximately three minutes. Reduced photoacoustic contrast duration
may be a result of the lower sensitivity inherent to photoacoustic imaging and photothermal
conversion of AuNRs to nanospheres, which reduces the magnitude of the longitudinal plasmon
resonance at L, = 750 nm.”® However, it should be noted that photothermal conversion is a limitation
that may be overcome by coating AuNRs in a rigid, melt resistant, silica shell, as described by
Chen et al.”’

A total of 50x10® AuMBs carrying approximately 2x10'" AuNRs (0.5 nM) were injected,
which is considerably fewer AuNRs than was required to provide photoacoustic contrast in
comparable in vivo imaging settings.®> Increased photoacoustic contrast at lower AuNR
concentrations may result from a combination of enhancement inherent to AuMBs, differing
biodistribution patterns, and altered clearance mechanisms from the blood stream.!'>!!51!7 The
optical power output of the linear-array photoacoustic imaging system (5 mJ cm™ skin fluence at
A = 750 nm) was probably insufficient to cause widespread vapor nanobubble formation on the
surface of AuMBs in the murine kidney, however, these results are the first demonstration of
simultaneous in vivo ultrasound and photoacoustic imaging with AuMBs, confirming the

feasibility of the multimodality imaging technique.
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2.5.4 Limitations

The magnitude of the photoacoustic emission was observed to increase with increasing laser
fluence, AuMB wall velocity, and relative AuMB expansion. However, the acoustic emission
during rapid expansion or compression cycles is broadband, and neither the 10 MHz single-
element transducer nor the CL15-7 linear array transducer were able to adequately sample the
entire photoacoustic waveform generated by the AuMBs. Thus, the reported increase in
photoacoustic amplitude may be an underestimation due to the bandwidth limitations of the
ultrasound instrumentation.

The AuMBs studied in this report utilize AuNRs to confer optical absorbance at near-infrared
wavelengths and permit deep tissue in vivo imaging. Relative to gold nanospheres, AuNRs exhibit
enhanced optical absorption and improved heat transfer properties, which permits enhanced
photoacoustic signal generation and nanobubble formation on the AuNR surface at lower
fluence.’>*° Therefore, the laser fluence required for a transition into the nonlinear regime may
have been significantly higher if small gold nanospheres were used instead of AuNRs. However,
the inverse is also true, in that the transition to nonlinear AuMB behavior may be achieved at even
lower fluence by replacing AuNRs with nanoparticles that exhibit enhanced optical absorption

(e.g. gold nanocages, golden carbon nanotubes).
2.6 Conclusions

AuMBs exhibited two distinct behaviors that were a function of laser fluence. In the linear
regime, individual AuMBs produced photoacoustic waves with 5.4-fold increased amplitude
relative to highly concentrated freely dispersed AuNRs, although no AuMB oscillations were
detected microscopically. Above fluences of approximately 5 mJ cm™2, AuMBs rapidly expanded

and produced large amplitude photoacoustic waves that scaled nonlinearly with laser fluence. The
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increase in photoacoustic amplitude may be explained by a combination of properties inherent to
AuMBs. First, the AuMB surface provides a scaffold for AuNR aggregation at small inter-particle
spacing that permits thermal field overlap and increased water temperatures. Second, heat transfer
into the AuMB gaseous core causes thermal expansion of the gas phase, giving rise to large
amplitude photoacoustic emissions due to an increase coefficient of thermal expansion. Third,
close placement of AuNRs to the liquid-gas interface on the AuMB surface increases local water
temperatures to the point that homogeneous nucleation occurs, resulting in the formation of vapor
nanobubbles that contribute to AuMB expansion. Finally, a pilot in vivo imaging study with a
linear-array photoacoustic imaging system achieved 16.8 + 3.7 dB ultrasound and 5.7 £ 1.6 dB
photoacoustic contrast enhancement from AuMBs, demonstrating their potential as effective

multimodality contrast agents for deep tissue ultrasound and photoacoustic imaging.
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3.1 Abstract

Chapter 3. Finite element modeling of optically absorbing
microbubble oscillations in response to nanosecond pulsed laser

excitation?

3.1 Abstract

Optically absorbing microbubbles are comprised of a surfactant-shelled gas microbubble with
optically absorbing dyes or nanoparticles located within or on the surface of the microbubble shell.
These agents exhibit unique photoacoustic properties and have recently been shown to oscillate at
or near the resonance frequency of the microbubble following nanosecond pulsed laser excitation.
Oscillation is driven by heat transfer from the optically absorbing material into the gaseous core
of the microbubble, causing rapid thermal expansion of the gas. In this work, the optically driven
microbubble oscillations are modeled using a combination of finite element analysis and an
analytical model. First, the heat transfer from gold nanorods to the microbubble gas core is
modeled over nanosecond timescales using finite element analysis to determine the energy
transferred into the gas core. Second, the microbubble’s response to heating of its gaseous core is
modelled analytically by a modified Rayleigh-Plesset model of microbubble oscillations in which
gas temperature is the driving term. The combined model recapitulates the results of a recently

published empirical study of optically-driven microbubble oscillations. Specifically, maximal

2 This chapter contains content drawn from the following peer-reviewed conference and journal publications:

AlJ Dixon, S Hu, AL Klibanov, JA Hossack, “Oscillatory dynamics and in vivo photoacoustic imaging performance
of plasmonic nanoparticle-coated microbubbles.” Small, 11(25), 3066-3077, 2015.

Al Dixon, S Hu, AL Klibanov, JA Hossack, “Empirical and theoretical study of the interaction between plasmonic-
nanoparticle coated microbubbles and nanosecond pulsed laser excitation.” 21% European Symposium on
Ultrasound Contrast Agents (2016), Rotterdam, The Netherlands.

AJ Dixon, S Hu, AL Klibanov, JA Hossack, “Photoacoustic properties of plasmonic nanoparticle coated

microbubbles.” IEEE International Ultrasonics Symposium (2015), Taipei, Taiwan.
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radial excursions are shown to be on the order of 10 to 100 nm and the microbubble oscillates at
its resonant frequency, as determined by the microbubble radius and the viscoelastic properties of

its surfactant coating.
3.2 Introduction

Photoacoustic imaging is a noninvasive imaging technique that provides high contrast images
of optical absorption deep within living tissue. Although first investigated for the detection of
endogenous chromophores, PA imaging has been extended to molecular imaging applications
through the use of exogenous contrast agents that are targeted to specific extracellular or
intracellular molecules.’® Photoacoustic contrast agents, ranging from dyes to plasmonic
nanoparticles, are often designed to strongly absorb light in the near-infrared (NIR) wavelengths,
where the optical absorption of native tissue chromophores is at a minimum.

Detection of exogenous photoacoustic contrast agents in vivo is typically achieved by acquiring
multiple photoacoustic images over a range of light wavelengths near the contrast agent's optical
absorption maximum.%’® Photoacoustic waves are recorded by conventional ultrasound receive
instrumentation, and the magnitude of the measured pressure wave is used to identify the presence
of the contrast agent. However, acoustic waves encode more information than just magnitude.
Frequency and phase information have long been used for ultrasonic tissue characterization''® and
contrast enhanced ultrasound imaging,'!® and may find use in photoacoustic imaging applications.

The frequency content of photoacoustic waves has not been thoroughly studied, even though
Diebold et al experimentally validated that the shape of the photoacoustic pressure wave is a
function of both the shape of the optical absorber and the shape of the optical pulse.®*!2’ More
recently, others have demonstrated that frequency-domain based analyses of the received

photoacoustic wave can be used to characterize endogenous microstructures in biological
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samples'?! and distinguish between healthy and cancerous tissues.'?? In addition, Dove et al and
Dixon et al have designed microbubble-based photoacoustic contrast agents to produce
photoacoustic emissions with known frequency content.”"!** The underlying hypothesis is that
these optically absorbing microbubbles can be specifically detected on the basis of their unique
frequency response, rather than on the basis of their optical absorption, like conventional dye or
nanoparticle-based photoacoustic contrast agents.

The purpose of this work was to simulate the photoacoustic emissions arising from optically
absorbing microbubbles. The photoacoustic response of these agents has been simulated
analytically by others, but existing models predict microbubble radial excursions of up to two
orders of magnitude larger than what has been observed empirically or make unrealistic
assumptions to ease simulation, such as assuming the optically absorbing material is uniformly
distributed within the gaseous phase.!""!®2 To improve on existing models, we employ finite
element analysis to simulate the heating of gold nanorods in response to nanosecond pulsed laser
excitation. The gold nanorods are located on the microbubble shell, approximately 10 nm from the
gaseous core, so heat dissipation from the nanorod is altered by the liquid/gas interface — an effect
that has not been previously considered. Ultimately, heat transfer into the gas core is modelled
numerically, and heating of the gas core is used as a driving function to analytically model

microbubble oscillations in a modified Rayleigh-Plesset model.'**
3.3 Materials and Methods

3.3.1 Finite element heat transfer model

The heat transfer equations for a single gold nanorod (AuNR) and its surrounding medium during

a nanosecond duration laser pulse are:**125-127
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0T, OabsFpuise .
ppcp(Ty) 52 = k(T VT, + # Equation 3-1
PwCw(Tw) f%” = kw (T,)VT,, Equation 3-2

where p denotes properties of the particle, w denotes properties of the water, p is density, ¢(7) is
specific heat, T is temperature, k is thermal conductivity, guss 1s the nanoparticle absorption cross
section, Fpuse 1s laser fluence, V), is particle volume, and 7, is laser pulse width. This formulation
assumes that the laser energy is absorbed homogeneously throughout the AuNR volume and that
there is no mass transfer. The rate of heat loss from the nanoparticle to its surroundings is

calculated by taking into account the thermal interface conductance by:>$>128

Quw = Asurrace * G * (Ty — Tw,surface) Equation 3-3
where Asuface 1S the surface area of the AuNR, G is the thermal contact conductance, and T, surfuce
is the water temperature at the AuNR surface. The thermal conductance is a coupling parameter
between the AuNR and water energy equations and is the source of a temperature discontinuity at
the AuNR surface.

Thermal continuity and conductive heat transfer boundary conditions are enforced at the water
— gas boundary:

Ty (t) = Ty (t); kg(Ty)VTy = k,,(Ty,)VT, Equation 3-4
where subscript g denotes properties of the gas. Estimates of the total energy transferred from the
water to the microbubble gas core are computed by integrating the heat flux across this boundary
over the entire duration of the simulation. The simulation does not explicitly model expansion of
the gas phase as it increases in temperature, but k(7)) decreases as a function of temperature. The
model assumes that the gas core is comprised completely of decafluorobutane, although it is known

that vapor and other gases are also present in the microbubble core.
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Table 3-1: Thermal material properties used in finite element heat transfer model

Parameter Symbol Unit Value

Gold density De kg m’ 193 x 10*

Gold specific heat  c¢pq J kg'K! 111.6515+ 0.066T — 2.6554x10°°T?
Gold thermal kg Wm'!K! 3335.4544 — 5.8253x102T — 7.4773°T?
conductivity

Nanorod Cubs nm? 2450, Ref [3]

absorption cross-

section

Thermal contact G W m?K! 105 x 10%, Ref[5]

conductance

Equations 3-1 through 3-4 have temperature dependent coefficients and must be solved
numerically. The solution to these equations has been implemented in a finite element solver using
a non-linear, iterative conjugate gradient descent solver (PZFlex, Weidlinger Associates,
Mountain View, CA), which is a general purpose technique for accurately solving PDEs. The
computational grid spanned a 400 x 200 x 200 nm volume meshed with 0.5 x 0.5 x 0.5 nm cubic
elements. The gas core comprised 200 x 200 x 200 nm of the model, while the remaining 200 x
200 x 200 nm was water and contained the AuNR. The model and mesh size were refined until
the solution was invariant to mesh density changes. Infinite thermal boundary conditions were
enforced on all six faces of the computational grid by forcing the potential function to zero at
infinity.!?%!3° The numerical simulation code (PZFlex) for a representative simulation is given in
Appendix A.3.

All thermal properties for water and superheated water above its usual boiling point were taken
from the NIST Chemistry WebBook, the thermal properties for gaseous decafluorobutane were

taken from Ref. [131], and the thermal properties for gold are given in Table 3-1.!32
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3.3.2 Estimating AuMB Radial Wall Motion

Radial expansion of a lipid-shelled microbubble may be estimated by the modified Rayleigh-

Plesset equation:*4133134
pg(t)-p d?R | 3 (dR\? | 4uLdR 20 | 4KksdR .
4 —2=R—+ —(—) BRI g 22 Equation 3-5
oL dtz = 2 \dt R dt prR RZ dt

where the time-varying gas pressure is given by:

pg(t) = (poo + Z—J) (ﬁ)gy (L(t)) Equation 3-6

Ro/ \ R To
and pis ambient pressure, p; is water density, R is microbubble radius, y; is water viscosity, o is
surface tension at the liquid-gas interface, k; is the dilational viscosity from the lipid monolayer,
y is the ratio of the gas specific heats, and T, is the initial gas temperature. This formulation of the
Rayleigh-Plesset equation assumes mass transfer in and out of the microbubble is negligible, which
is approximately true for rapid microbubble expansion. Furthermore, there is no acoustic driving
term, p,.(t), as is often found in the Rayleigh-Plesset equation, as microbubble oscillations in this
model are driven by changes in gas temperature, Ty (t). Ty(t) is assumed to be homogenous

throughout the microbubble volume and changes to Ty (t) result exclusively from heat transferred

from the water into the gas core. T,(t) at each time step is calculated from the results of the heat

Table 3-2: Microbubble properties used in modified Rayleigh-Plesset model

Parameter Symbol Unit Value

Water density pL kg m? 999.97

Water viscosity ur Pas 8.9x10*
Surface tension o Nm! 0.02, Ref[1]
Lipid monolayer Ks kg s! 7.2 x10° Ref [2]
dilational viscosity

Ratio of y None 1.07
decafluorobutane

specific heats
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Figure 3-1: Finite element heat transfer model geometry and thermal fields
(Top Left) 3D model geometry of an AuNR placed d nm from the liquid/gas interface. The liquid nodes are not
shown. The gas nodes are green. (Top Right) 2D cross-section of 3D heat transfer model. The dashed green line is
the cross-section of thermal profiles shown in Figure 6-2 and 6-3. (Bottom Left) Thermal field immediately
following laser pulse when AuNR is 5 nm from liquid/gas interface. (Bottom Right) Thermal field immediately
following laser pulse when AuNR is 30 nm from liquid/gas interface.

transfer simulations by Q(t) = mC, (T, (t) — T,), where m is the mass of the gas core and C,, is

the specific heat at constant pressure. The solution to Equation 3-5 was solved using MATLAB’s
ode45 differential equation solver. Microbubble parameters used in the simulations are given in

Table 3-2.
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Figure 3-2. Thermal fields over time and with increasing laser pulse energies

(Left) Simulated temperature profiles between 1 — 11.5 ns for an AuNR placed 10 nm from the liquid-gas interface.
The laser energy was 10 mJ cm™ (Right) Simulated temperature profiles for an AuNR placed 10 nm from the
liquid-gas interface and exposed to varying fluence. These profiles were captured at t = 7 ns, when the peak AuNR

temperature occurred.

3.4 Results

3.4.1 Thermal Analysis at the AuMB Surface

The enhanced photoacoustic signal produced by AuMBs and the transition to a nonlinear

relationship between laser fluence and photoacoustic amplitudes is hypothesized to result from

both thermal-field overlap between closely-spaced AuNRs on the AuMB surface and modified

heat transfer dynamics in the vicinity of the liquid-gas interface.”’*!2* The effect of thermal field

overlap and plasmonic nanoparticle aggregation has been considered previously.?+*%1% To

determine the impact of the liquid-gas interface, a 3D finite-element model was developed to study

the thermal effects of coupling a single AuNR to the microbubble shell.!?>!2¢ Given the small

length scales involved, the primary mode of heat transfer between the AuNR, water, and the gas

core is conduction. This may be verified by consideration of the Grashof number (Gr =

gpATV
V2

) for

this system, which indicates that viscous forces dominate buoyant forces at these dimensions.'?®
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Figure 3-3: Effect of distance between AuNR and gas/liquid interface on thermal field
Simulated temperature profiles as the distance between the AuNR and the liquid/gas interface is increased. Laser
fluence was 10 mJ cmin all simulations.

The model geometry and representative two-dimensional heat transfer results from a single plane
in the 3D model are shown in Figure 3-1.

In the simulations, a Gaussian-shaped laser pulse with 5 ns duration (FWHM) was applied to
a single AuNR placed at varying distances, d, from the liquid-gas interface. The laser pulse was
centered at 7 ns, and thermal profiles of the AuNR, water, and gas core at varying time steps are
shown in Figure 3-2. For an AuNR placed 10 nm from the liquid-gas interface, peak AuNR
temperatures occur at approximately 7 ns, while peak gas temperatures occur at 8.5 ns. The effect
of increasing the laser fluence applied to an AuNR placed 10 nm from the liquid-gas interface is
also shown in Figure 3-2. As shown, water temperatures in between the gas and AuNR are between
8-12% higher than water temperatures on the opposite side of the AuNR on account of reduced

heat transfer into the gas core. Note that water temperatures begin to reach temperatures (80% -
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Figure 3-4: Microbubble gas temperatures and simulated oscillatory frequencies

(Left Top) Microbubble gas temperatures following a laser pulse with fluence of 10 mJ cm™. The black curve is
for a microbubble with 2.5 pm diameter and the blue curve is for a microbubble with 4 pm diameter. (Left Bottom)
Simulated change in microbubble radii for 2 us following laser excitation. (Right Top) Simulated oscillation
frequency of optically excited microbubbles of varying radii. (Right Bottom) Simulated maximum radial
excursions of a 2.5 um with increasing laser fluence.

T,) that could result in homogenous nucleation of vapor nanobubbles at fluences above 7.5 mJ cm”
2.5,82,103

The effect of increasing the distance of the AuNR from the liquid-gas interface is shown in
Figure 3-3. The AuNR reaches significantly higher temperatures when placed closer to interface
(16% higher at d=5 nm vs d=50 nm), which translates to increased heat transfer into the
microbubble core and increased probability of water vaporization at reduced laser fluence. At
distances above approximately 30 nm, thermal interactions between the AuNR and the gas core
are significantly reduced.”® Given the lengths of the lipid monolayer and PEG-2000 spacer, the
AuNRs on the AuMBs used in the experimental studies are approximately 5 — 15 nm from the
liquid-gas interface, depending on whether PEG-2000 exists in the brush-like or mushroom-like

conformation.'%!3
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3.4.2 Optically Driven Microbubble Oscillations

The heat transfer simulations were used to estimate the total amount of energy transferred from
the AuNR into the gas core. If the gas core is assumed to heat homogenously such that its time-
varying temperature may be written as T (t) and the effects of mass transfer and vapor pressure
are assumed to be negligible, then AuMB radial wall motions may be estimated by the modified
Rayleigh-Plesset equation (Equation 3-5). The total energy transferred from the AuNR into the
AuMB was computed at each time step of the heat transfer simulations in order to estimate Ty (t).
Overall, between 0.2 — 4.8% of the energy deposited in the AuNR is transferred into the gas core,
depending on the distance between the AuNR and the liquid/gas interface (0.2% corresponds to a
distance of 50 nm, while 4.8% corresponds to a distance of 10 nm). The simulated gas temperatures
and radial perturbations of two AuMBs containing 5000 AuNRs on their respective surfaces are
presented in Figure 3-4. Regardless of AuMB size, the peak gas temperature is reached at
approximately 8.5 ns and decays to T, over the next 200 ns. The 4 um diameter AuMB exhibits
lower amplitude radial oscillations than the 2 pm diameter AuMB on account of its gas core
reaching lower temperatures. Furthermore, the AuMBs oscillate at different frequencies, as is
expected based on the difference in their resonance frequencies.”” Finally, a compilation of
simulation results at varying fluence and AuMB radii is shown in Figure 3-4. As discussed, the
AuMBs oscillate according to their resonance frequency (fz), and maximum radial excursions
(AR) approach 100 nm for a 2.5 pm diameter AuMB exposed to 10 mJ cm™ laser fluence. The
simulation results are in good agreement with the experimental results of Dove et a/, who measured
AR up to 10 nm for AuMBs coated with weakly-absorbing 5 - 7 nm diameter gold nanospheres at

low laser fluence.”
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3.5 Discussion

3.5.1 Finite Element Heat Transfer Model

Finite element modeling is regularly employed to simulate the laser-induced heating of
plasmonic nanoparticles, in large part due to the difficulty of empirically studying the heating of
nanometer-sized particles on nanosecond (or shorter) timescales. Much has been learned through
optical and thermal modeling of photon interactions with plasmonic nanoparticles, including the
properties of electron thermalization (also known as lattice heating),'?® heat transport into the

surrounding medium,°®!12%13¢ heat transport between aggregates of particles, %%

and nanoparticle
fragmentation.’®!3” In particular, Pitsillides et a/ calculated that the temperature of the surrounding
fluid falls to 1/e of the surface temperature of the nanoparticle at a distance of approximately one

).”® The surface temperature of the particle reaches several hundreds of

particle radius (15 nm
Kelvin above ambient, even in response to relatively low laser energies, due to the high extinction
coefficient inherent to plasmonic nanoparticles and limited electron-phonon coupling, which limits
heat transfer out of the particle into it surrounding medium.*!3%13% Specifically, absorbed energy
is rapidly converted to heat via electron thermalization, but the thermal contact resistance at the
boundary between the metal nanoparticle and its liquid surroundings limits the maximal rate of

103.139.190 thereby significantly increasing the nanorod temperature.

heat transfer from the particle,
Explosive boiling occurs at the surface of the nanoparticle when its surface temperature reaches
approximately 80 % of the fluids critical temperature (7¢), at which point finite element techniques
can no longer reliably predict the system’s thermal or mechanical properties on account of phase
transition of the fluid immediately surrounding the nanoparticle.!®® However, finite element

modeling is able to predict laser fluences at which explosive boiling can occur and accurately

recapitulates the temperature of the materials surrounding the nanoparticle.
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This work represents the first finite element model to consider the thermal effects of a
gas/liquid interface in close proximity to a laser-heated gold nanoparticle. This is a unique scenario
on the surface of a bubble, but is of relevance to better understand the properties of optically
absorbing microbubbles as photoacoustic contrast agents. Heat transfer across the gas/liquid
interface is governed by a conductive heat transfer mechanism given the time and short lengths
scales involved.”*** Thus, the thermal conductivity of each medium dominates, and the gas phase
acts as a thermally insulating barrier, serving to increase local water temperatures. This effect is
intensified when the nanorod is placed in closer proximity to the gas/liquid interface (Figure 3-3),
possibly explaining why the photoacoustic amplitudes observed from optically absorbing
microbubbles is higher than what is observed from freely dispersed nanorods.’”>!'?? Specifically,
the peak water temperature is predicted to increase from approximately 605 K to 780 K when the
nanorod is moved from 50 nm to 5 nm away from the liquid gas interface, thereby accounting for
a potential 28% increase in photoacoustic amplitudes. This result, in particular, provides
motivation for nanoscale-level design of AuMBs and suggests that heat transfer and photoacoustic
amplitudes may be modified by altering the length of the PEG spacer. Additional increases in the
photoacoustic amplitude observed when imaging optically absorbing microbubbles is likely
explained by thermal field overlap from aggregated nanoparticles on the microbubble surface. This

effect was not explicitly studied in this work, but has been widely considered elsewhere,?%:100-141

3.5.2 Optically Driven Microbubble Oscillations

The response of optically absorbing microbubbles to pulsed laser excitation is dependent upon
laser fluence. In response to high fluence, the nanoparticle temperature exceeds the threshold for
explosive boiling and the photoacoustic response is broadband and is dominated by vapor bubble

formation on the surface of the microbubble as described by Dixon et al.'>* However, in response
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to lower fluence, the nanoparticle temperature does not approach the threshold for explosive
boiling, and the photoacoustic response is due to a combination of thermal expansion of the
surrounding water and thermally-driven oscillations of the microbubble.”®!? In this regime, the
amplitude of optically absorbing microbubble photoacoustic emissions scales linearly with
increasing laser fluence, much like that of freely dispersed nanorods. However, multiple
investigations have established intensified photoacoustic emissions when nanorods or nanospheres
are templated on the surface of the microbubble.”>’3123 As discussed above, this effect is probably
due to a combination of thermal and acoustic factors, including increased temperatures due to
nanoparticle aggregation and proximity to an insulating gas/liquid interface.

Increased photoacoustic amplitudes may also arise due to the unique frequency response of
optically absorbing microbubbles.”!>* Dove et al empirically demonstrated that nanoparticle-
coated microbubbles undergo nanometer-scale radial oscillations in response to pulsed laser
excitation, and that the frequency of oscillation is governed by the resonant frequency of the
microbubble.” The simulation results of this work support Dove et al’s findings and place an upper
limit on the magnitude of microbubble oscillations of approximately 100 nm, before explosive
boiling is predicted to occur at the nanoparticle/liquid interface. However, these radial oscillations
are sufficient to produce local pressure disturbances on the order of hundreds of kilopascals
emanating from the microbubble, which is of a sufficient magnitude for detection by sensitive
photoacoustic instrumentation. In particular, if the microbubble resonance is matched to the
bandwidth of the photoacoustic receive system, then significant gains in photoacoustic signal
amplitude compared to the emissions of freely dispersed nanorods may result.”*!23

Another potential benefit of tuning the frequency response of photoacoustic emissions by

selecting a specific microbubble radius is the ability to perform multi-target photoacoustic
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molecular imaging with a single wavelength laser. The majority of the cost and equipment
associated with photoacoustic imaging systems is attributable to the tunable wavelength lasers,
which are required for spectroscopic molecular imaging. However, if molecular targets could be
discriminated based on the frequency of photoacoustic emissions produced by optically absorbing
microbubbles of differing size, then multi-target photoacoustic imaging could potentially be
performed without the need for expensive laser systems with large footprints. This is a future
direction that warrants further investigation.

Finally, although the results of this study are similar to the empirical results acquired by Dove

1,” they do not closely match existing analytical models of optically absorbing microbubble

eta
oscillations.!°!1%2 Both Firouzi et al and Sassaroli et al predict microbubble radial oscillations in
excess of 500 nm in response to pulsed laser excitation, but this is two orders of magnitude greater
than oscillations observed by Dove et al and almost an order of magnitude larger than the upper
bound predicted in this study.!?"!%2 The primary discrepancies between the existing models and
the model presented herein are the amount of thermal energy that is assumed to transfer to the
gaseous phase of the microbubble and considerations related to the onset of explosive boiling and
vapor bubble formation. The simulation results of this study indicate that, on average, less than
5% of the energy absorbed by the nanorod is transferred into the gaseous phase, which places a
limit on the maximum radius of microbubble excursion. Similarly, arbitrarily high laser fluences

are not possible in reality due to the onset of vapor bubble formation — an effect considered by the

present model but not considered by others.
3.5.3 Limitations

The model developed in this work has several limitations that must be considered when

interpreting its results. First, optically absorbing microbubbles contain several thousand plasmonic
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nanoparticles on their surface,”>”*!1?* but the finite element model only considered the heat transfer
from a single nanorod into the gaseous core. Microbubble oscillation in response to a temperature
rise was derived based on the assumption that the thermal contribution from all nanorods on the
microbubble shell could be extrapolated from the model of the single nanorod. While this
assumption is probably true to first-order, it should be noted that it does not take into account the
effects of nanorod aggregation, which will produce local hot-spots on the microbubble surface and
may produce asymmetrical oscillations.!® The model also only considered one orientation of the
nanorod with respect to the microbubble shell, but each nanorod is free to assume any orientation
in 3D space relative to the shell. Thus, nanorods with less surface area oriented parallel to the
microbubble shell would contribute less to microbubble heating and oscillation.

In addition, the analytical model of microbubble oscillations assumes that the gas temperature,
T, is uniform throughout the entire gaseous core and that gas expansion and compression is a
polytropic, isentropic process with polytropic index, #, equal to y; the ratio of the specific heats.**
The primary limitation of these assumptions is that the temperature of the gas is only accurate for
small microbubble radial oscillations. As the microbubble expands or contracts, the microbubble
gas temperature is expected to cool or heat, respectively, but this is not explicitly modeled. Instead,
all thermal fluctuations of the gas temperature are driven by heat transfer from the nanorods on the
microbubble surface. The decision to neglect modelling the thermal effects of expansion and
cooling was driven by the observation that the expected microbubble radial oscillations were very
small (less than 5% of the microbubble resting diameter) and the fact that the maximum gas
temperature rise from heated nanorods was less than 200 K. For reference, the effects of bubble
expansion and contraction with respect to internal gas temperatures and heat transfer to the

surrounding medium has been widely studied in the context of sonoluminescence, in which the
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goal was to model temperature rises of several thousand Kelvin in a rapidly contracting bubble.'#*-
146

Finally, although the finite element model considers the temperature dependence of the thermal
conductivities of all materials (e.g. water, gold, gas), the analytical model of microbubble
oscillations does not take temperature variations into account. Given the high temperatures in the
vicinity of the lipid shell, it is probable that the viscoelastic properties of the lipid membrane are
altered. In particular, the dilational viscosity, xs, and surface tension, o, are expected to vary with
temperature such that at high temperatures, especially those above the gel temperature of the lipid,
the microbubble is expected to take on properties of an unshelled bubble. This would reduce the
dampening in the system and drive longer, higher amplitude microbubble oscillations, as has been
observed empirically by Dove et al.” In fact, the primary discrepancy between the results of this
model and the published empirical results is that the model predicts only a few microbubble
oscillations following laser excitation on account of the highly damped nature of the microbubble
shell, while empirical results have demonstrated significantly more oscillations. This discrepancy
may be reconciled in future versions of the model by accounting for temperature effects on the

viscoelastic properties of the lipid shell.'47-148

3.6 Conclusions

The radial microbubble oscillations arising from nanosecond pulsed laser excitation of
optically absorbing microbubbles were simulated using a combination of finite element and
analytical modeling techniques. The finite element heat transfer model determined that between
0.2 and 4.8 % of energy absorbed by nanorods on the microbubble surface was transferred into the
microbubble gas core to drive microbubble oscillations. Microbubbles were determined to oscillate

at their resonant frequency following laser excitation, with radial oscillations between 1 and 100
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nm. The scale of microbubble oscillations and frequencies determined by this modeling framework
closely match recently published empirical results of similar agents — microbubbles with gold
nanospheres on their surfaces — thereby providing direct, independent validation to the results of

this model.
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Part II: Microfluidic Production of Microbubbles for

Sonothrombolysis Applications
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4.1 Abstract

Chapter 4. Development of a catheter-dimensioned microfluidic

device for intravascular production of microbubbles?

4.1 Abstract

Catheter-based interventions have been widely investigated for the treatment of thrombo-
occlusive diseases, including stroke, deep vein thrombosis, and pulmonary embolism. The
mechanisms of thrombus removal employed by these catheters vary, from mechanical extraction
(e.g. stentrievers) to agitation-based approaches that accelerate clot dissolution in situ. In this work,
we developed a catheter-dimensioned microfluidic device to produce microbubbles in real-time
within the vasculature. Our intent was to demonstrate technical proof-of-concept for
intravascularly administered sonothrombolysis as a means to accelerate thrombus dissolution. The
prototype catheter was fabricated using soft lithography to mold 25 pm wide channels into an
elastomeric polydimethylsiloxane (PDMS) substrate for conveyance of liquid and gas phases. The
two-dimensional footprint of the microfluidic device, including the inlet ports and microbubble
outlet port, was 540 um wide by 3020 um long. The overall dimensions of the device were 800
um wide by 4000 um long by 400 um tall. Microbubbles with a non-crosslinked albumin

stabilizing shell and a nitrogen gas core were fabricated with diameters between 8 and 28 pum at

3 This chapter contains material from the following peer-reviewed conference and journal publications:

AJ Dixon, B Shin, V Meka, JP Kilroy, AL Klibanov, JA Hossack, “Large diameter microbubbles produced by a
catheter-based microfluidic device for sonothrombolysis applications.” IEEE International Ultrasonics
Symposium (2015), Taipei, Taiwan.

Al Dixon, JP Kilroy, AL Klibanov, JA Hossack, “Microbubbles produced by a catheter-based microfluidic device for
sonothrombolysis applications.” 20" European Symposium on Ultrasound Contrast Imaging (2015), Rotterdam,
The Netherlands.

Al Dixon, B Shin, JMR Rickel, AL Klibanov, JA Hossack, “Development of a catheter-dimensioned microfluidic
device for intravascular production of microbubbles” in preparation.
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production rates between approximately 5.6x103 and 118x10° microbubbles per second. Notably,
this represents the first demonstration of microbubble fabrication by a microfluidic device with

dimensions necessary to permit in situ microbubble production directly within a blood vessel.
4.2 Introduction

Thrombolysis mediated by intravenous administration of recombinant tissue plasminogen
activator (rtPA) is the primary therapy for accelerating the removal of blood clots from occluded
blood vessels. However, rtPA is only effective in approximately 30% of ischemic stroke patients
and is contraindicated for many others due to an increased risk of intracranial hemorrhage (ICH)
and severe off-target bleeding.!**!>° The increased risk of severe bleeding coupled with the
inability to predict which patients will respond favorably to rtPA has limited its use in the United
States to only ~5% of ischemic stroke patients.'! In addition, rtPA is only safely administered to
patients with deep vein thrombosis (DVT) or pulmonary embolism (PE) via a catheter-directed
method, in which a catheter is placed within the occluded vessel and slowly emits rtPA over a
period of up to 96 hours. 3031152

The limitations associated with rtPA have motivated the development of catheters that
mechanically retrieve blood clots or accelerate clot dissolution within occluded blood vessels. '>*-
15 In the context of ischemic stroke, current generation thrombectomy catheters have
demonstrated recanalization rates approaching 90%, but only achieve complete restoration of
perfusion in distal capillary beds in 60% of cases.!>® This observation may explain why only 40%
of patients treated with endovascular thrombectomy devices receive “good” scores on the modified
Rankin Scale (mRS) after 90 days.!>*!36-15% Successful recanalization is not the only factor that

influences long-term clinical outcomes, as the time to recanalization, the site of vascular occlusion,

and the presence of distal emboli are also known to be important parameters.'>® In the context of
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DVT, the findings of the Catheter-directed Venous Thrombolysis (CaVenT) study suggested that
an additional 20% reduction in post-thrombotic syndrome (PTS) may be achieved through the use
of catheter-directed thrombolysis (CDT) as compared to conventional anticoagulant therapies.
While this is a notable reduction in PTS, 40% of patients still presented with PTS at 24-months
and approximately 10% of patients who underwent CDT therapy experienced clinically relevant
bleeding complications during the procedure that required immediate medical intervention. Thus,
there still exists a significant opportunity to improve long-term clinical outcomes by developing
new technologies that not only accelerate and improve recanalization of the primary occlusion but
also reduce or eliminate the use of rtPA to decrease the risk of off-target hemorrhage and bleeding.

An approach intended to address the multiple elements of revascularization is the combination
of rtP A with ultrasound and microbubbles, a technique known as sonothrombolysis. When applied
as a combination therapy, rtPA, ultrasound, and microbubbles improved recanalization rates from
approximately 30% to 60% in ischemic stroke patients, and the time to recanalization was also
significantly reduced. In total, clinical sonothrombolysis for ischemic stroke has been evaluated in
four clinical trials (e.g. CLOTBUST,*® TUCSON,*® TRUMBI!®® and DUET'®!), all of which
reported accelerated recanalization rates accompanied by an increased risk of off-target bleeding
or ICH. A limitation of these trials is that the microbubbles were administered intravenously, so
the majority of the microbubble dose never reached the occluded blood vessel, and the ultrasound
used was supplied by a diagnostic imaging rather than therapeutic ultrasound system. Significant
improvements may be achieved by administering microbubbles directly within the occluded vessel
to ensure their proximity to the blood clot and by using a therapeutic ultrasound regimen.

In this work, we describe the design, fabrication, and operation of a catheter-dimensioned

microfluidic device that produces microbubbles in real-time with tunable composition, dimension,
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and stability. Producing microbubbles directly within the vasculature removes the requirement for
long-circulation lifetimes and small diameters that is needed for intravenous administration, and
permits the study of large-diameter, low-stability microbubbles that are therapeutically active
immediately after production and dissolve as they migrate downstream. It is hypothesized that
these properties may reduce the occurrence of off-target hemorrhage and bleeding associated with

the use of conventional microbubbles for sonothrombolysis applications.
4.3 Materials and Methods

4.3.1 Microfluidic Catheter Design and Fabrication

A flow-focusing microfluidic device (FFMD) was designed with dimensions of approximately
400 um wide and 800 um long (Figure 4-1A). Gas and liquid channels were 25 pm wide and all
channels were 20 — 22 pum tall. Liquid and gas inlets were placed at the same end of the device to
permit liquid and gas entry from the proximal end of the catheter. The flow-focusing nozzle
doubled back into the center of the device as a means to reduce the device’s footprint and produced
microbubbles into the outlet channel.

Fabrication of the microfluidic device was performed by first manufacturing a SU-8 mold on
a silicon wafer using photolithography techniques.’’ SU-8 was chosen as the photoresist because
it allows for high aspect-ratio features to be produced down to a minimum feature-size of 3 — 5
micrometers. The microfluidic device channels were cast in polydimethylsiloxane (PDMS) by
pouring PDMS over the mold to a depth of 250 um and curing it at 70 C for 30 minutes. However,
prior to pouring PDMS into the mold, short lengths of 90 um diameter optical fibers (Polymicro,
Molex Inc) were laid across the gas and liquid inlets as a means to cast pre-formed inlet channels
in which to place the gas and liquid inlet tubing. After the PDMS had fully cured, the optical fibers
were removed from the PDMS leaving the channel imprints behind. The result was a 250 pm thick
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Figure 4-1: Design of a catheter-dimensioned flow focusing microfluidic device

(a) Two-dimensional schematic of the catheter-dimensioned FFMD. The device is 540 pm wide and 3020 pm
long, while the narrowest channels are 25 pm wide. The gas (G) and liquid (L) inlets are on the left side of the
device, while the nozzle (N) and microbubble outlet (O) fold back towards the center of the device. (b) A three-
dimensional rendering of the completed device, showing the gas and liquid inlet tubing, along with the
microbubble outlet. (c) Fabricated catheter showing brown capillary tube inlets, microfluidic channels, the nozzle,
and the microbubble outlet port. (d) High speed camera images showing approximately 20 um and 8 um diameter
microbubble production.

piece of cured PDMS with the design of the device imprinted upon one of its sides. To complete
fabrication, two key steps needed to follow: binding of the PDMS to a blank piece of PDMS and
a creation of a hole on top the output portion of the design on the PDMS in order to allow the
microbubbles to exit the outlet channel of the device. Binding the piece of PDMS imprinted with

the channels to another blank piece creates a completely closed channel through which gas and
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liquid can flow. Bonding was performed by placing both pieces of PDMS in an oxygen plasma
oven to activate the surface of the PDMS. After treatment, the PDMS pieces were joined to form
a semi-permanent bond. A 200 um diameter hole was punched into the outlet channel of the device
using a 200 um biopsy punch (Item #57391, Stoelting, Co). The final step of device assembly was
the insertion of fused silica capillary tubes (O.D. = 110 um, Polymicro, Molex Inc) with a
reinforced polyimide coating into the gas and liquid interconnect channels to convey the gas and

liquid phases into the device.

4.3.2 Microfluidic Device Operation and Characterization

Microbubbles were produced using 99.998% N> or 99.99% CO> gas (GTS Welco, Richmond,
VA) and a liquid phase comprised of 4% w/v bovine serum albumin (BSA) and 10% w/v dextrose
in 0.9% saline. The liquid phase was prepared by mixing its components overnight at 4C — no
effort was made to degas the liquid phase prior to injection into the microfluidic device. The liquid
phase was pressurized using a syringe pump (PhD 2000, Harvard Apparatus, Holliston, MA) and
a 20 mL metal syringe capable of withstanding high pressures (KD Scientific, Holliston, MA). The
liquid phase was filtered by 0.2 um nylon filters prior to use in the FFMD. The gas pressure was
regulated by a digital manometer (06-664-22, Fisher Scientific, Waltham, MA). Liquid flow rates
varied between 10 — 60 uL/min and gas pressures varied between 43.8 and 89.6 kPa. Microfluidic
microbubble production was monitored by a high-speed camera (SIMD24, Specialised Imaging,

Tring, UK) and production rate and diameter were measured in ImageJ.
4.3.3 Microbubble Characterization

Microbubble lifetime after exiting the microfluidic device was measured using a Z2
Coulter Counter (Beckman Coulter, Brea, CA).>® An catheter-dimensioned FFMD producing

microbubbles of approximately 20 pm diameter was placed in 20 mL of air saturated saline. After
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10 s, the FFMD was removed and the saline was sampled by the Z2 Coulter Counter every 15 s
over a period of 120 s. The saline was continuously stirred during measurement to limit
microbubble aggregation and to ensure adequate mixing. Microbubble size distribution and
number as reported by the Z2 Coulter Counter were analyzed to determine the microbubble half-

life in a well-mixed, air-saturated, saline environment.

4.4 Results

4.4.1 Microfluidic device fabrication and characterization

The distal end of a completed catheter-dimensioned microfluidic device is depicted in Figure
4-1C. The devices were hand-fabricated and several failure modes were observed due to the
variability in fabrication methods. First, manual alignment of biopsy punch (diameter = 250 pm)
with the outlet channel (width = 310 pm) was difficult and often resulted in destruction of the
nearby gas and liquid channels. Second, the gas and liquid inlets often clogged due to the small
diameter of the of inlet tubing. The particles responsible for the blockage were most often small
pieces of PDMS that became dislodged upon placement of the gas and liquid inlet tubes.

Ten catheter-sized devices were tested to determine the gas and liquid pressures at which
device failure was observed. Five devices were exposed to increasing gas pressures and five were
exposed to increasing liquid flow rates until failure was observed. The gas pressure was
incremented by 6.9 kPa every five minutes and the liquid flow rate was incremented by 5 pul/min
every five minutes. If the gas pressure was under evaluation, then the liquid inlet was completely
closed, and vice versa. The purpose was to place an upper operating limit on gas and liquid pressure
for the device. A summary of failure modes and the pressures/flow rates at which failure occurred
is given in Table 4-1. The most common failure mode was gas or liquid seepage between the

PDMS and polyimide coating of the inlet tubing. This interface can only withstand a finite pressure
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Table 4-1: Failure mode analysis for catheter-dimensioned microfluidic devices

4.4 Results

Device | Gas Pressure At Failure (kPa) | Liquid Flow Rate At Failure (pul/min) Failure Mode
1 96.5 — Gas seepage from inlet
2 110.3 — Gas seepage from inlet
3 103.4 — Gas seepage from inlet
4 106.8 — Gas seepage from inlet
5 100.0 — Gas seepage from inlet
6 — 90 Liquid seepage from inlet
7 — 110 PDMS bond failure
8 — 105 PDMS bond failure
9 — 85 Liquid seepage from inlet
10 — 95 Liquid seepage from inlet
Average 103.4+49 97.0+93

before gas or liquid will pass through the friction seal. The second most common failure mode was

due to separation of the PDMS-to-PDMS bond located in between the liquid and gas inlet channels.

Liquid over-pressure occurred at an average liquid flow rate of 97.0 + 9.3 pl/min while gas over-

pressure occurred at an average pressure of 103.4 £4.9 kPa. For this reason, future characterization

of the device was performed below these upper limits.
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Figure 4-2: Microbubble production characteristics for catheter-dimensioned FFMD
(A) Comparison in dimensions between two FFMDs for microbubble production. The device on the left has three
inlets and one outlet, and the footprint of its microfluidic channels is 6.6 mm x 6.6 mm. The catheter-dimensioned
microfluidic device is shown next to the large device for comparison. The catheter-dimensioned has two inlets and
one outlet, as shown in Figure 2-1A. (B) Production rates (top) and microbubble diameters (bottom) achieved by
the catheter-dimensioned microfluidic device at a range of operating gas pressures and liquid flow rates (Q)). (C)
Production rates (top) and microbubble diameters (bottom) achieved by the larger microfluidic device at a range
of operating gas pressures and liquid flow rates (Q)).
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4.4.2 Microbubble production and characterization

Microbubble production rates and diameter were assessed by high speed cinematography over
a range of liquid flow rates (Q;) and gas pressures. The results shown in Figure 4-2 are the average
production rates and diameters for three different catheter-dimensioned devices, operated
independently. Also shown in Figure 2-2 are microbubble production rates and diameters for a
larger flow-focusing microfluidic device design that is capable of withstanding higher operating
pressures and has been extensively characterized by others.’®%!92 The catheter-dimensioned
device produced microbubbles of diameters between 8 and 28 um at production rates between
approximately 5.6x10° and 118x10° microbubbles per second. Notably, these production rates are
approximately 1/10™ the production rates achieved by the larger microfluidic device, however the
range of microbubble diameters are similar for both devices, owing to an identical nozzle

geometry. Figure 4-3 shows a single frame of a video (60 FPS) that demonstrates real-time

Microbubble stream

Figure 4-3: Still frame of catheter-dimensioned FFMD operation

A single frame (60 FPS) of catheter-dimensioned FFMD operation. Individual microbubbles exit the nozzle too
quickly to be resolved, but this frame shows multiple rows of microbubbles developing as the nozzle expands
towards the outlet. The black area around the outlet hole is the stream of microbubbles exiting the device. Also
shown are the gas and liquid channels. For scale, the width of the gas channel at the top of the image is 25 pm.
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Figure 4-4: Microbubble lifetime curves in air-saturated, mixed saline

Microbubble lifetime curves as measured by a Coulter counter in a well-mixed, air-saturated environment for
microbubbles produced with N, CO,, and DFB gasses. The shaded error regions are £ SEM, and the Y-axis is
fraction of remaining microbubbles after the initial measurement at 7 = 0.

operation. As shown, the microbubbles exit the nozzle faster than can be resolved by the camera,

and stream out of the device through the outlet hole.
4.4.3 In vitro microbubble stability

Microbubbles were produced by the catheter-dimensioned FFMD with gases of either N2, CO»,
or decafluorobutane (DFB) and identical albumin/dextrose shells. The solubility of each of these
gases in water at 25 C is 0.019 g No/kg H>0, 1.69 g CO2/kg H>0, and 0.0015 g DFB/kg H>O. Thus,
the relative solubility of each gas is CO2: 1126, N2: 12.6, DFB: 1.0. The catheter-dimensioned
FFMD was placed in 20 mL air-saturated saline and produced microbubbles for 30 seconds, after
which point the saline was sampled by a Coulter counter to determine microbubble number. The
saline was stirred during the measurement by a magnetic stir bar. The results of the Coulter
measurements for each gas is shown in Figure 4-4 (average of 3 separate measurements through

time). As shown, the microbubble half-life for CO, gas was approximately 28 + 4 s, the half-life
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for N> gas was 64 = 9 s, and the half-life of DFB gas microbubbles exceeded the 120 s measurement
period. All of these half-life measurements are statistically significantly different (p < 0.05). Note
that in these experiments, efforts were made to keep microbubble production rates and diameters

within 10% of each other for each gas and each replicated measurement.
4.5 Discussion

Microfluidic devices are aptly named because they are capable of transporting, mixing, and
reacting microliter and nanoliter volumes of fluids and gases with high precision, repeatability,
and control. However, in most instances, only the channels within the microfluidic device may be
considered as miniature, while the device itself, its interconnects, and accessory sensing equipment
are often orders of magnitude larger tha