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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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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.6 

 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.7,8 

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.9,10 

 The most common ultrasound contrast agents are microbubbles, which are gas bubbles with 

diameters of 1 – 4 µm and a stabilizing lipid, protein, or polymer surfactant shell.11,12 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.13-16 The primary clinical indications in which microbubbles are used are left 

ventricle opacification, myocardial perfusion imaging, and hepatic cell carcinoma screening.8,17 

 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.18-20 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.21 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.10,22 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.10 

 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.23 Sonoporation enables the 

delivery of drugs to cells or organs that otherwise could not pass through the cell membrane or 

organ boundary.24,25 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.26-29 Enhanced chemotherapeutic drug delivery via 

sonoporation has recently been demonstration in pancreatic cancer patients, marking the first 

utilization of this technique in humans.9  

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.30 31,32 

 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.33,34 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.3 While not clinically approved, these agents have provided utility in preclinical 

models.35 

 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.36-38 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.39 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.40-42 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.43,44  

 Sonothrombolysis as a therapy for ischemic stroke has been evaluated in multiple clinical 

studies.36,38,45 Overall, 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.46,47   

 Aside from ischemic stroke, sonothrombolysis-based therapies may find application for deep 

vein thrombosis or pulmonary embolism applications.48 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.49-51 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. 

49-51  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 µm). 

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.52 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.53 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.54 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.55,56  

 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.57 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. 58,59  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.57 
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Part I: Light Absorbing Microbubbles for 

Photoacoustic Imaging Applications 
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Chapter 2. Investigation of optically absorbing microbubbles for in 

vitro and in vivo photoacoustic imaging1  

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-2, AuMBs produce weak photoacoustic emissions and exhibit negligible 

microbubble wall motion. However, in response to fluences above approximately 5 mJ cm-2, 

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. In 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.   

                                                 
1 This chapter contains content drawn from the following peer-reviewed conference and journal publications: 
AJ 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. 
AJ Dixon, S Hu, AL Klibanov, JA Hossack, “Empirical and theoretical study of the interaction between plasmonic-

nanoparticle coated microbubbles and nanosecond pulsed laser excitation.” 21st 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.30 Photoacoustic signals arise from the conversion of 

absorbed optical energy to heat, causing transient thermoelastic expansion and subsequent 

wideband ultrasonic emission.60,61 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.33,62-66 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.64,65,67-69 

 The sensitivity, specificity, and imaging depth of photoacoustics are limited by the efficiency 

with which optical absorbers convert light energy to sound.30 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.30,33,70 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.71,72 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.71-74 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.71-76 

 Photoacoustic signal generation via gaseous expansion is achieved by using either a liquid 

perfluorocarbon precursor that vaporizes upon laser excitation or a preformed gaseous 

microbubble.71-75,77-81  Preformed microbubbles bearing gold nanoparticles on their surface 

produce significant photoacoustic signal enhancement when compared to freely dispersed gold 

nanoparticles.75,78 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.71-74 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.44,75  

 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.[26–
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30] 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-1) 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 × 35 nm, Nanopartz, Inc) with 750 nm peak optical absorption and a neutral 

surface charge were centrifuged three times in fresh saline at 12000×g for 10 min to remove excess 

stabilizing ligands from solution.86 To complete the conjugation, approximately 9×1012 AuNRs 

were incubated with 5×108 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.86 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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2.3.2 Determination of AuNR Loading Efficiency on AuMBs 

 Conjugation of AuNRs was performed by incubating 9×1012 AuNRs with 1×109 microbubbles 

overnight in a glass vial with decafluorobutane (DFB) headspace as described in the methods 

section. Prior to incubation, the optical density of 9×1012 AuNR/ml was measured using a 

NanoDrop 2000c. A concentration of 9×1012 AuNR/ml repeatedly yielded a peak optical density 

of 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 

 
Figure 2-1: AuNR and AuMB optical absorption during AuMB preparation  
The blue curve is the optical absorption of 9×1012 AuNR prior to incubation with 5×108 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. 
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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 1.9×1012 AuNR/ml, and exhibited a small red-shift, as shown 

in Figure 1e. In addition, the number of AuMBs remaining from the initial 5×108 microbubbles 

were counted using a Microsizer 3 Coulter Counter (Beckman Coulter). On average 4.0×108 ± 

2.1×107 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 (1×1012 AuNR/ml) 

studied separately in the experimental setup shown in Figure 2-2. Fluences above ~5 mJ cm-2 

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 

 
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 µm 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 µm cellulose tube containing the sample. Note: not to scale. 
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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 µm radius. A 200 µm diameter cellulose tube 

 
Figure 2-3: Photoacoustic transients emblematic of vapor bubble formation around AuNR  
(Left) Acoustic signal from a cavitation event around AuNRs (1×1012 AuNR/ml, 80 mJ/cm2 fluence, 0 averages). 
(Right) Acoustic signal from a non-cavitation event around gold nanorods (1×1012 GNR/ml, 1 mJ/cm2 fluence, 64 
averages). 
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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.87  

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.19 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-2 fluence, λ = 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 µl were 

administered via retro-orbital injection. B-Mode, pulse-inversion, and photoacoustic (5 mJ cm-2 

skin fluence, 9 averages per image) radiofrequency data were acquired immediately following 

AuMB injection. Raw radiofrequency data was beamformed, IQ-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 

 
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.86 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 1e).3,88 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-2, no microbubble wall motion was observable in the microscopy 

images, although low amplitude photoacoustic emissions were detected.75 However, above 5 mJ 

cm-2, 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-2 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:  

࣐      = ሶࡾ૛ࡾ−  ૚         Equation 2-1ି࢘

,࢘)࢖       (࢚ = ሶ࣐࢝࣋−  = ࢝࣋ 
(࢚)ࡾ

࢘
ሷࡾ(࢚)ࡾ) (࢚) + ૛ࡾሶ  Equation 2-2     ((࢚)

where ࣐ is the velocity potential, ࢝࣋ is the density of water, ࡾ ,(࢚)ࡾሶ ሷࡾ and ,(࢚)  are the bubble (࢚)

radius and its time derivatives, and r is the recording distance.44 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.44,89  

 AuMB radial dynamics were investigated further for fluences of 5, 10, and 20 mJ cm-2. Similar 

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

࢞ࢇ࢓ࡾ

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

increasing laser fluence.89-92 A strong positive correlation between peak wall velocity and 
࢞ࢇ࢓ࡾ

૙ࡾ
  

was also observed (r2=0.71, Figure 2-6E), while the AuMB initial radius did not appear to impact 
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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).79 Also, as predicted by Equation 2-2, a positive 

correlation was observed between the measured photoacoustic signal amplitude and the 

microbubble wall velocity (r2 = 0.63, Figure 2-6F).44,92,93  

 
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 
of 20, 10, and 5 mJ/cm2 fluence, respectively. The x-axis of these 2D plots is time (ns), while the y-axis is distance 
(µm). 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. (c,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).  
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2.4.3 Photoacoustic Emission from AuMBs 

 Individual AuMBs and freely dispersed AuNRs (1×1013 AuNR/ml, OD = 10) were exposed to 

5 ns duration laser pulses at fluences between 0.1 and 50 mJ  cm-2, 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-2, both 

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

produce a pressure rise, ࢖૙, in response to pulsed laser excitation: ࢖૙ =
ࢀ∆ (ࢀ)ࢼ

ࣄ
=  ડμࢇ઴, where 

 is ࣄ ,is the local temperature increase ࢀ∆ ,is the thermal coefficient of volumetric expansion (ࢀ)ࢼ

the isothermal compressibility, ડ is the dimensionless Grünesien parameter of the surrounding 

 
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. (e) Peak AuMB 
wall velocities as a function Rmax/R0 and (f) peak photoacoustic signal as a function of peak AuMB wall velocity.  
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medium, μࢇ is the absorption coefficient of the nanoparticle, and ઴ is the laser fluence.30,35,93,94 

For fluences up to approximately 5 mJ  cm-2, 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 

 
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. 
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freely dispersed AuNRs (Figure 2-7A, inset). However, above 5 mJ cm-2, the photoacoustic 

amplitude scales nonlinearly with increasing laser fluence due to rapid AuMB expansion, as 

described above.44,92,93,95,96 At these increased fluences, the relationship between fluence and 

photoacoustic amplitude is best described by a nonlinear power law relation, ݕ = ݇ ௞, withݔܽ =

3.1. As a result of this nonlinear relationship, the median photoacoustic amplitude at 20 mJ cm-2 

is 5.8-fold higher than would be expected if photoacoustic amplitudes continued to scale linearly 

with fluence above 5 mJ cm-2. 

 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.95 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-2 to 8 mJ cm-2, consistent with the results of previous 

studies on aggregated plasmonic nanoparticles.35,90,92,97  

 Finally, photoacoustic signals were recorded for single AuMBs exposed to multiple laser 

pulses at fluences of 1, 5, 10, and 20 mJ cm-2 (Figure 2-7C). The photoacoustic signal of AuMBs 

exposed to fluences up to 5 mJ cm-2 are relatively stable, but photoacoustic signal enhancement 

only persists for 1 to 2 laser pulses above 5 mJ cm-2 due to permanent photothermal conversion of 

AuNRs to gold nanospheres.98,99 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 (10×106 per ml), freely dispersed AuNRs (5×1010 per ml), or freely dispersed 

AuNRs (5×1010 per ml) plus non-PDP microbubbles (10×106 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.19  

 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).60 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 

conditions within the channel.60 Finally, the sample of freely dispersed AuNRs and non-PDP 



2.4 Results 
 

28 
 

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 50×106 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 

 
Figure 2-8: in vitro ultrasound and photoacoustic images of AuMBs 
(a) PA and PI images of freely dispersed AuNRs (5×1010 per ml) within a gelatin flow phantom. (b) PA and PI 
images of AuMBs (1×107 per ml) within a gelatin flow phantom. (c) PA and PI images of microbubbles (1×107 
per ml) and freely dispersed AuNRs within a gelatin flow phantom. All PA data was taken with the following 
parameters: λ=750 nm, 5 mJ cm-2 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.  
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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.75,78 Additionally, the AuMBs 

provided an average of 5.7 ± 1.6 dB photoacoustic contrast (skin fluence = 5 mJ cm-2) that was 

spatially co-registered with the AuMB signal in the pulse inversion image. Ultrasound contrast 

 
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. (c) Simultaneously acquired photoacoustic image of 
AuMBs circulating in kidney demonstrating approximately 5.7 dB average photoacoustic contrast enhancement 
(λ=750 nm, 5 mJ cm-2 skin fluence, image comprised of 9 photoacoustic averages). 
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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 (1×1013 ml-1, 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.75 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 (1×1013 ml-1). 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.84,90,100  

 Another possible mechanism for photoacoustic enhancement is AuMB expansion and 

oscillation in response to laser excitation.79,101,102 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.79 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-2, 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% ∙ ௖ܶ and produces vapor nanobubbles of diameters 

between 10 – 1000 nm.5,103 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.84,90,100   

 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 

nucleation sites located within a dye-loaded, thick polymer shell.89 Symmetric AuMB expansion 

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.84,90,100 In any case, the formation of a large secondary vapor 

nanobubble of ≈1 µm 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-1, it was not observed to cause fragmentation of the AuMBs at fluences up to 20 mJ cm-2. 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.104-106 In this study, no AuMBs exposed to fluences below 20 mJ cm-2 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.23,85,107,108  

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.12,23,107,109-114 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 λ = 750 nm.98 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.99  

 A total of 50×106 AuMBs carrying approximately 2×1011 AuNRs (0.5 nM) were injected, 

which is considerably fewer AuNRs than was required to provide photoacoustic contrast in 

comparable in vivo imaging settings.65 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.13,115-117 The 

optical power output of the linear-array photoacoustic imaging system (5 mJ cm-2 skin fluence at 

λ = 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.35,90 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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Chapter 3. Finite element modeling of optically absorbing 

microbubble oscillations in response to nanosecond pulsed laser 

excitation2 

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: 
AJ 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. 
AJ Dixon, S Hu, AL Klibanov, JA Hossack, “Empirical and theoretical study of the interaction between plasmonic-

nanoparticle coated microbubbles and nanosecond pulsed laser excitation.” 21st 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.30 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.65,70 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 characterization118 and 

contrast enhanced ultrasound imaging,119 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.60,120 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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samples121 and distinguish between healthy and cancerous tissues.122 In addition, Dove et al and 

Dixon et al have designed microbubble-based photoacoustic contrast agents to produce 

photoacoustic emissions with known frequency content.79,123 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.101,102 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.124   

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:93,125-127 
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where p denotes properties of the particle, w denotes properties of the water, ρ is density, c(T) is 

specific heat, T is temperature, k is thermal conductivity, σabs is the nanoparticle absorption cross 

section, Fpulse is laser fluence, Vp is particle volume, and τp 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:5,82,128 

    Qሶ ௪ = ௦௨௥௙௔௖௘ܣ ∙ ܩ ∙ ( ௣ܶ − ௪ܶ,௦௨௥௙௔௖௘)   Equation 3-3 

where Asurface is the surface area of the AuNR, G is the thermal contact conductance, and Tw,surface 

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: 

    ௚ܶ(ݐ) = ௪ܶ(ݐ);  ݇௚( ௚ܶ)∇ ௚ܶ =  ݇௪( ௪ܶ)∇ ௪ܶ   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 kg(Tg) 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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 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 × 200 × 200 nm volume meshed with 0.5 × 0.5 × 0.5 nm cubic 

elements. The gas core comprised 200 × 200 × 200 nm of the model, while the remaining 200 × 

200 × 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.129,130 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 3-1.132  

Table 3-1: Thermal material properties used in finite element heat transfer model 

Parameter Symbol Unit Value 

Gold density ρg kg m3 193 × 104  

Gold specific heat cpg J kg-1K-1 111.6515 + 0.066T – 2.6554×10-6T2  

Gold thermal 
conductivity 

kg W m-1 K-1 3335.4544 – 5.8253×10-2T – 7.4773-6T2 

Nanorod 
absorption cross-
section 

Cabs nm2 2450, Ref [3] 

Thermal contact 
conductance 

G W m-2 K-1 105 × 106, Ref [5] 
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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:44,133,134 
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where the time-varying gas pressure is given by: 
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and ݌ஶis ambient pressure, ߩ௅is water density, R is microbubble radius, ߤ௅is water viscosity, ߪ is 

surface tension at the liquid-gas interface, ߢ௦ is the dilational viscosity from the lipid monolayer, 

 is the ratio of the gas specific heats, and ଴ܶ is the initial gas temperature. This formulation of the ߛ

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, ݌௔௖(ݐ), as is often found in the Rayleigh-Plesset equation, as microbubble oscillations in this 

model are driven by changes in gas temperature, ௚ܶ(ݐ). ௚ܶ(ݐ) is assumed to be homogenous 

throughout the microbubble volume and changes to ௚ܶ(ݐ) result exclusively from heat transferred 

from the water into the gas core. ௚ܶ(ݐ) 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 ρL kg m3 999.97 

Water viscosity µL Pa s 8.9×10-4 

Surface tension σ N m-1 0.02, Ref [1] 

Lipid monolayer 
dilational viscosity 

κs kg s-1 7.2 ×10-9 Ref [2]  

Ratio of 
decafluorobutane 
specific heats 

γ None 1.07 
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transfer simulations by ܳ(ݐ) = )௣ܥ݉ ௚ܶ(ݐ) − ଴ܶ), where ݉ is the mass of the gas core and ܥ௣ 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. 

 
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. 



3.3 Materials and Methods 
 

43 
 

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.75,79,123 The effect of thermal field 

overlap and plasmonic nanoparticle aggregation has been considered previously.84,90,100 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.125,126 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 (ݎܩ =
௚ఉ∆்௏

ఔమ ) for 

this system, which indicates that viscous forces dominate buoyant forces at these dimensions.128 

 
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-2 (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. 
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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% ∙

 

 
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 cm-2

 in all simulations. 
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௖ܶ) 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.96 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.12,135  

 

 
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-2. The black curve is 
for a microbubble with 2.5 µm diameter and the blue curve is for a microbubble with 4 µm diameter. (Left Bottom) 
Simulated change in microbubble radii for 2 µs 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 µm with increasing laser fluence.  



3.3 Materials and Methods 
 

46 
 

 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 ௚ܶ(ݐ) 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 ௚ܶ(ݐ). 

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 ଴ܶ over the next 200 ns. The 4 µm diameter AuMB exhibits 

lower amplitude radial oscillations than the 2 µm 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.79 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 ( ோ݂), and maximum radial excursions 

(∆ܴ) approach 100 nm for a 2.5 µm diameter AuMB exposed to 10 mJ cm-2 laser fluence. The 

simulation results are in good agreement with the experimental results of Dove et al, who measured 

∆ܴ up to 10 nm for AuMBs coated with weakly-absorbing 5 - 7 nm diameter gold nanospheres at 

low laser fluence.79  
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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),128 heat transport into the 

surrounding medium,96,128,136 heat transport between aggregates of particles,100,136 and nanoparticle 

fragmentation.98,137 In particular, Pitsillides et al 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 

particle radius (15 nm).96 The surface temperature of the particle reaches several hundreds of 

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.3,138,139 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 

heat transfer from the particle,103,139,140 thereby significantly increasing the nanorod temperature. 

Explosive boiling occurs at the surface of the nanoparticle when its surface temperature reaches 

approximately 80 % of the fluids critical temperature (Tc), 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.103 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.93,94 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.75,123 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.3,90,100,141  

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.123 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.79,123 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.75,78,123 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.79,123 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.79 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.79,123   

 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 

et al,79 they do not closely match existing analytical models of optically absorbing microbubble 

oscillations.101,102 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.101,102 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,75,79,123 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.100 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, 

Tg, is uniform throughout the entire gaseous core and that gas expansion and compression is a 

polytropic, isentropic process with polytropic index, n, equal to ઻, the ratio of the specific heats.44 

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.142-

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, κs, and surface tension, σ, 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.79 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.147,148  

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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Chapter 4. Development of a catheter-dimensioned microfluidic 

device for intravascular production of microbubbles3 

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 µm 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 µm wide by 3020 µm long. The overall dimensions of the device were 800 

µm wide by 4000 µm long by 400 µm tall. Microbubbles with a non-crosslinked albumin 

stabilizing shell and a nitrogen gas core were fabricated with diameters between 8 and 28 µm 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. 

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

AJ 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 5.6×103 and 118×103 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.149,150 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.151 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.50,51,152   

     The limitations associated with rtPA have motivated the development of catheters that 

mechanically retrieve blood clots or accelerate clot dissolution within occluded blood vessels.153-

155 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.156  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.154,156-158 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.159 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 rtPA 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,36 TUCSON,38 TRUMBI,160 and DUET161), 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, 



4.3 Materials and Methods 
 

59 
 

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 µm wide and 800 µm long (Figure 4-1A). Gas and liquid channels were 25 µm wide and all 

channels were 20 – 22 µm 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.57 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 µm and curing it at 70 C for 30 minutes. However, 

prior to pouring PDMS into the mold, short lengths of 90 µm 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 µm thick 
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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 

 
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 µm wide and 3020 µm 
long, while the narrowest channels are 25 µm 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 µm and 8 µm diameter 
microbubble production.  
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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 µm diameter hole was punched into the outlet channel of the device 

using a 200 µm biopsy punch (Item #57391, Stoelting, Co). The final step of device assembly was 

the insertion of fused silica capillary tubes (O.D. = 110 µm, 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% N2 or 99.99% CO2 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 µm 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 µL/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).59 An catheter-dimensioned FFMD producing 

microbubbles of approximately 20 µm 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 µm) 

with the outlet channel (width = 310 µm) 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 µl/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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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 µl/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. 

Table 4-1: Failure mode analysis for catheter-dimensioned microfluidic devices 
Device Gas Pressure At Failure (kPa) Liquid Flow Rate At Failure (µl/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 ± 4.9 97.0 ± 9.3  

 

 
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 × 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 (Ql). (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 (Ql).  
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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 (Ql) 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.58,59,162 The catheter-dimensioned 

device produced microbubbles of diameters between 8 and 28 µm at production rates between 

approximately 5.6×103 and 118×103 microbubbles per second. Notably, these production rates are 

approximately 1/10th 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 

 
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 µm. 
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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, CO2, 

or decafluorobutane (DFB) and identical albumin/dextrose shells. The solubility of each of these 

gases in water at 25 C is 0.019 g N2/kg H2O, 1.69 g CO2/kg H2O, and 0.0015 g DFB/kg H2O. 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 CO2 gas was approximately 28 ± 4 s, the half-life 

 
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 N2, CO2, and DFB gasses. The shaded error regions are ± SEM, and the Y-axis is 
fraction of remaining microbubbles after the initial measurement at t = 0. 
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for N2 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 than the channels. This is not a limitation for many 

applications, but is often a consideration for devices intended to operate in situ, such as implantable 

biomedical sensors,163 drug dispensers,164 blood dialyzers,165 or in the case of this work, an 

intravascular catheter. The catheter-dimensioned flow-focusing microfluidic device (FFMD) 

developed in this work is the smallest FFMD ever reported, as most have been developed for 

benchtop operation rather than direct in vivo deployment.162,166-170 Miniaturization was enabled by 

reducing number of interconnects and decreasing each interconnect’s size by employing 100 µm 

diameter capillary tubing. Further miniaturization may be possible by decreasing interconnect and 

channel size, but modifications must be made with the understanding that additional 

miniaturization compromises device performance and robustness.  

  The catheter-dimensioned devices withstood moderate liquid and gas pressures, as evidenced 

by the failure analysis results shown in Table 4-1. As is often the case, the weakness in the design 

was the interconnects, where the polyimide-coated fused silica capillary tubes were in contact with 

the PDMS channel walls. Migrating the device to an all-glass design with annealed interconnects 
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would increase device robustness, permit operation at significantly higher pressures, and increase 

the safety factor for eventual vivo deployment.171 However, the PDMS device developed in this 

work was able to produce microbubbles at rates that are likely suitable for in situ intravascular 

delivery, thereby establishing proof-of-concept that a device of this size is capable of producing a 

sufficient number of microbubbles. Notably, the catheter-dimensioned device produced 

microbubbles at approximately 1/10th the rate of larger PDMS devices, primarily due to the 

increased hydrodynamic resistance associated with the significantly smaller channels and 

 

 
Figure 4-5: Schematic of intended device operation and effect of low microbubble stability 
(Top) Schematic of intravascular deployment of the catheter-based FFMD. Microbubbles are produced in close 
proximity to the thrombus, and ultrasound is applied either directly from the catheter or transcutaneously. (Bottom) 
Intentionally using microbubbles composed of high solubility gases causes the microbubble to shrink as it moves 
away from the therapeutic target, thus reducing the incidence of potential adverse off-target effects. Note: the 
contributions of Ali Dhanaliwala, M.D., Ph.D. are acknowledged for the creation of the bottom figure.  
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interconnect tubing in the catheter-dimensioned device (hydrodynamic resistance scales with 1/r4, 

where r is the channel radius).  

 As stated in the introduction, the motivation for developing this catheter stemmed from the 

desire to accelerate clot lysis rates in patients with thrombo-occlusive diseases. Sonothrombolysis 

is known to accelerate clot lysis in ischemic stroke patients, but increased risks of off-target 

hemorrhage have tempered enthusiasm for its use.45 Thus, techniques to constrain the effects of 

sonothrombolysis to the diseased vessel and limit their off-target effects are required for future 

clinical translation. Catheters are already widely employed to treat these diseases via a variety of 

mechanisms, so development of a sonothrombolysis catheter was a natural extension of other 

catheter-based techniques. Of course, this work has demonstrated only that an FFMD of catheter-

compatible dimensions can produce microbubbles in real-time, and but has not evaluated the 

efficacy of these microbubbles for sonothrombolysis.  

 Central to implementing sonothrombolysis via catheter-produced microbubbles is the notion 

that microbubbles must now only persist within the diseased vessel for a short period of time, 

which removes constraints associated with the gases and shell materials conventionally used. In 

particular, innocuous materials such as albumin, dextrose, saline, and breathable gases may now 

be employed to increase safety. Further, these formulations can be designed so that microbubble 

concentration in the diseased vessel can be very high to elicit maximal therapy and very low 

elsewhere via rapid microbubble dissolution, as diagrammed in Figure 4-5.  

 Further, the results of varying gas composition presented in Figure 4-4 demonstrate that by 

simply modifying the gas, the microbubble half-life can be modulated by at least an order of 

magnitude. A limitation of this evaluation was that microbubble lifetimes were evaluated in air-

saturate saline at 25 C, whereas blood gases and temperatures are expected to be quite variable, 
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depending on the gasses inhaled by the patient and their physiological condition.172 Nevertheless, 

the solubility of each gas in water is a good surrogate measure for establishing an expected trend 

of microbubble lifetimes in solution, and the ability to mix gases is expected to enable even more 

tunability for application-specific requirements. 

4.6 Conclusions 

 We have demonstrated technical proof-of-concept for microbubble production by a catheter-

dimensioned flow-focusing microfluidic device. The device was fabricated out of PDMS with 

fused silica capillary interconnects, and its overall dimensions were 800 µm wide by 4000 µm long 

by 400 µm tall. The device produced microbubbles with a non-crosslinked albumin stabilizing 

shell and nitrogen, carbon dioxide, and decafluorobutane gas cores. The microbubbles were 

fabricated with diameters between 8 and 28 µm at production rates between approximately 5.6×103 

and 118×103 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.   
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Chapter 5. In vitro sonothrombolysis efficacy of transiently stable 

microbubbles produced by a microfluidic device4 

5.1 Abstract 

Therapeutic approaches that enhance thrombolysis by combining recombinant tissue 

plasminogen activator (rtPA), ultrasound, and/or microbubbles (MBs) are known as 

sonothrombolysis techniques. To date, sonothrombolysis approaches have primarily utilized 

commercially available MB formulations (or derivatives thereof) with diameters in the range 1 – 

4 µm and circulation lifetimes between 5 – 15 min. In this study, we evaluated the in vitro 

sonothrombolysis efficacy of large diameter MBs (dMB ≥ 10 µm) with much shorter lifetimes that 

were produced in real-time and in close proximity to the blood clot by a flow focusing microfluidic 

device. MBs with a N2 gas core and a non-crosslinked bovine serum albumin shell were produced 

with diameters between 10 – 20 µm at rates between 50 – 950 × 103 per second. Use of these large 

MBs resulted in approximately 4 – 8 fold increases in thrombolysis rates compared to a clinical 

rtPA dose and approximately 2 – 4 fold increases in thrombolysis rates compared to 

sonothrombolysis techniques using conventional MBs. The results of this study indicate that the 

large diameter microbubbles with transient stability are capable of significantly enhanced in vitro 

                                                 
4 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. 

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

AJ Dixon, B Shin, JMR Rickel, AL Klibanov, JA Hossack, “Accelerated in vitro sonothrombolysis facilitated by 
large-diameter microbubbles produced by a flow-focusing microfluidic device.” in preparation. 
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sonothrombolysis rates when delivered directly to the clot immediately following production by a 

flow focusing microfluidic device.  

5.2 Introduction 

Ischemic stroke, venous thromboembolism, and pulmonary embolism result from blood vessel 

occlusion caused by either in situ thrombus formation or by migration of a thrombus from an 

upstream blood vessel to a smaller downstream vessel.48,173 Together, these condition affect over 

1.3 million individuals in the United States and over 20 million worldwide each year.174 

Intravenous or intra-arterial administration of recombinant tissue plasminogen activator (rtPA), 

either peripherally or through a catheter, remains the most common therapeutic intervention for 

these conditions.49,50,175,176 Unfortunately, rtPA is ineffective in many individuals, and the majority 

of patients presenting with stroke or venous thromboembolism are contraindicated for the full 

course of rtPA therapy due to bleeding and hemorrhagic risk.150,151 Therefore, there is a significant 

need for improved therapeutic interventions across the entire spectrum of diseases that result from 

thromboembolisms. 

Thrombolysis assisted by ultrasound and/or microbubbles (MBs), termed sonothrombolysis, 

has been studied extensively in both in vitro and in vivo settings as a means to safely accelerate 

thrombolysis. In clinical ischemic stroke studies, sonothrombolysis improved recanalization rates 

from approximately 30% to 60%, and the time to recanalization was also significantly reduced. 

Clinical sonothrombolysis has been evaluated in multiple clinical trials (e.g. CLOTBUST,36 

TUCSON,38 TRUMBI,160 and DUET161), all of which reported accelerated recanalization rates 

accompanied by an increased risk of off-target bleeding or ICH. Given that each trial used 

ultrasound parameters and MB designs optimized for diagnostic imaging, and not for therapy, 

there remains an opportunity to increase recanalization rates and mitigate the risk of off-target 
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bleeding by designing an ultrasound parameter set and MB platform specifically for localized 

therapeutic delivery for thrombolysis applications.  

The presence of MBs reduces the acoustic pressure required for cavitation, and it has been 

posited that MB cavitation, in combination with MB tunneling through clots, accelerates 

thrombolysis by mechanically disrupting the fibrin mesh, increasing fluid mixing via MB 

microstreaming, and exposing deeper regions of the fibrin mesh for rtPA enzymatic activity.42,45-

47,177,178 Significant effort has been placed on determining optimal ultrasound parameters for 

sonothrombolysis, including ultrasound frequency, duty factor, pressure, cycle length and how all 

of these parameters influence MB cavitation, acoustic radiation force, and MB interactions with 

the clot and its fibrin mesh.36,38,41-43,45-47,177-189 However, apart from an in vitro study by Borrelli et 

al, which demonstrated improved clot lysis efficacy by 3 µm MBs versus 1 µm MBs, MB design 

parameters (e.g. size, composition, stability) remain largely unexplored.190 In short, the 

requirement for intravenous administration of long-circulating, small diameter MBs has limited 

the field to studying commercially available MB formulations that have been optimized for 

diagnostic imaging rather than therapeutic efficacy. Nevertheless, large diameter MBs have been 

associated with increased bioeffects in therapeutic applications including sonothrombolysis,190 

sonoporation-mediated drug delivery,59,107,191 and blood brain barrier disruption.192 

With this in mind, it was the intent of this study to evaluate the sonothrombolysis performance 

of MBs with design parameters in a previously unexplored region of the potential parameter set 

(diameter > 5 µm, lifetime < 90 s, N2 gas core). We hypothesized that large diameter MBs would 

confer enhanced bioeffects in the form of accelerated thrombolysis rates, while also mitigating the 

risk of gas embolism due to the propensity of this MB formulation to dissolve shortly after 

administration.58,59,193 The MBs in this study were fabricated in real time (i.e. immediately before 
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intended use) by a flow-focusing microfluidic device (FFMD) and were administered to the in 

vitro sonothrombolysis model as though they were fabricated by a catheter-mounted FFMD placed 

in close proximity to the blood clot.194 In this way, the short-lived MBs had time to interact with 

the blood clot before dissolving farther downstream. In addition, a new in vitro sonothrombolysis 

model is presented that permits the assessment of volumetric clot lysis rates by measuring the 

concentration of hemoglobin released from the clot during the thrombolysis process. 

5.3 Materials and Methods 

5.3.1 Microfluidic device fabrication 

A custom chrome-metal photolithography mask (Applied Image, Inc, Rochester, NY) was used 

to fabricate an SU-8 mold of the microfluidic channel geometry on a silicon wafer.162 Flow-

focusing microfluidic devices (FFMD) were cast from the SU-8 mold in polydimethylsiloxane 

(PDMS) (Sylgard 184, Dow Corning Corp., Midland, MI) and bound to a clean PDMS substrate 

using oxygen plasma. The nominal device channel dimensions were: height – 20 μm, nozzle width 

– 8 μm, liquid channel width – 50 μm, and gas channel width – 30 μm (Figure 5-1A). Note that 

these nominal dimensions varied ± 5 % from device to device. The overall dimension of the device 

used in this study was 10 × 4 × 8 mm.  

5.3.2 Microfluidic microbubble production and characterization 

Microbubbles were produced by precise mixing of separate gas and liquid phases at the FFMD 

nozzle. The gas phase was comprised of 99.998% nitrogen gas (GTS Welco, Richmond, VA) and 

its pressure was regulated by a gas regulator and digital monometer (Model 06-664-21, Fisher 

Scientific, Waltham, MA). The liquid phase was a solution of 4% (w/v) bovine serum albumin 

(BSA) and 10% (w/v) dextrose in isotonic saline (0.9%) 58. All chemicals were purchased from 
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Sigma Aldrich (St. Louis, MO). The liquid phase was advanced into the microfluidic device 

channels through PTFE microbore tubing connected to a digital syringe pump (PHD2000 Harvard 

Apparatus, Holliston, MA).  A high-speed camera (SIMD24, Specialised Imaging, Tring, United 

Kingdom) connected to an inverted microscope was used to measure microbubble production rates 

and diameters as previously described (Figure 5-1B).58,59,162 All stated average diameters in this 

work were accurate to ± 1 µm and all production rates were accurate to ± 5% of the stated value. 

Microbubble lifetime after exiting the microfluidic device was measured using a Z2 Coulter 

Counter (Beckman Coulter, Brea, CA).59 An FFMD producing microbubbles of approximately 20 

µm diameter was placed in 20 mL of air saturated saline.  After 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. 

Stable and inertial microbubble cavitation induced by acoustic excitation was characterized 

using a method described by Datta et al.195 Long-pulse acoustic excitation (1000 cycle, 1 MHz) at 

varying peak-negative-pressures (PNP) was applied from a single element ultrasound transducer 

(V303 Olympus Panametrics, Waltham, MA) onto a 2 mm diameter PTFE tube containing slowly-

flowing microbubbles produced by an FFMD. The acoustic backscatter from the microbubbles 

was measured by a calibrated polyvinylidene difluoride (PVDF) hydrophone (GL-0200, Onda 

Corp., Sunnyvale, CA) and the frequency content of the acoustic backscatter was analyzed to 

monitor for signs of stable and inertial cavitation. Stable cavitation is identified by the onset of the 
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ultraharmonic response while inertial cavitation is detected by an increase in broadband acoustic 

noise above the baseline noise level.185,195 

5.3.3 In vitro sonothrombolysis model and optical assay 

Blood clots used for these experiments were comprised of 35% (v/v) citrated human red blood 

cells (RBC) and 65% (v/v) citrated platelet-rich plasma (PRP, > 5 × 106 platelets/µl).196 This blood 

mixture was placed within glass tubes of 2.5 mm inner diameter and vinyl sutures were threaded 

through the tubes. Introducing CaCl2 at a concentration of 15 mM initiated the clotting process, 

which was allowed to proceed for 4 hours at 37 °C. After 4 hours, the clots were stored at 4°C for 

three days to promote clot retraction. Prior to experimentation, the clots were removed from the 

glass tubes but remained attached to the vinyl suture. Excess clot was removed from the suture so 

that all clots were 2 cm long and 2.3 ± 0.1 mm in diameter. All human blood products were 

procured from Virginia Blood Services (Richmond, VA). 

The blood clot was placed within an in vitro sonothrombolysis experimental apparatus, as 

shown in Figure 5-2A. The apparatus contained a flow loop (3 mm I.D) that was surrounded by a 

bath thermostatically maintained at 37 ± 2 °C. Human plasma (30 ml) was circulated within the 

flow loop at an average flow velocity of 10 cm/s by a peristaltic pump (NE-9000B, New Era Pump 

Systems, Inc.). The plasma was maintained at 37 ± 2 °C by a hot plate and was continuously stirred 

by a magnetic stir bar. Recombinant tissue plasminogen activator (rtPA, Activase, Genentech, 

South San Francisco, CA) was added as a bolus to the circulating plasma in either 0, 0.1, or 1 

µg/ml concentrations. An 18 µm nylon mesh filter (Tisch Scientific, Cleaves, OH) was placed in 

the flow loop to trap large clot fragments for additional analysis. 

The blood clot was secured within the flow loop and was aligned within the acoustic beam of 

a single element 1 MHz ultrasound transducer with a 2.54 cm diameter (V302-SU Olympus 
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Panametrics, Waltham, MA). A single set of ultrasound parameters was used for all 

sonothrombolysis experiments in this study: 1 MHz center frequency, 100 cycle pulses, 1 kHz 

pulse repetition frequency, with a 2 s on / 2 s off pulsing pattern to allow for microbubble 

replenishment on the clot face.184,186 The peak negative pressure (PNP) at the surface of the clot 

closest to the ultrasound transducer was measured to be 500 kPa (Mechanical Index = 0.5). The 

sinusoidal excitation was supplied by an arbitrary waveform generator (AFG 3022B, Tektronix, 

Beaverton, OR) and was amplified by a 60 dB RF amplifier (A-500, ENI Ltd., Rochester, NY). 

A FFMD continuously produced microbubbles that were introduced to the flow loop through 

a microbore PTFE tube (30G, Cole-Parmer, Vernon Hills, IL). The distal end of the tube was 

placed approximately 2 cm upstream from the clot. The FFMD was kept under continuous 

microscopic observation to monitor microbubble production rates and diameters over the course 

of the experiment. In some experiments, microbubbles produced via tip sonication of a 

decafluorobutane (C4F10) saturated solution of 4% BSA and 10% dextrose were used as a means 

to evaluate sonothrombolysis efficacy of conventionally sized microbubbles. These microbubbles 

were sized and counted by a Coulter counter, and were infused continuously through the same 

microbore PTFE tube by a syringe pump. 

Sonothrombolysis with varying rtPA, ultrasound, and MB conditions was performed for 30 

minutes (N ≥ 4 for each experimental condition). The volumetric clot lysis rate was quantified via 

an optical absorption assay that measured the concentration of hemoglobin present in the 

circulating plasma over time. Every 3 minutes, a 1 ml sample of the circulating plasma was 

removed, placed in a 2 ml Eppendorf tube, and kept on ice. At the completion of the 30 minute 

sonothrombolysis experiment, the entirety of the clot that remained on the suture was lysed by the 

addition of 1 µg/ml rtPA in a total volume of 2 mL plasma within an Eppendorf tube. This served 
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to liberate all RBCs contained within the clot into solution for the following analysis (Fig 5-2A): 

each Eppendorf tube containing plasma plus free RBCs was lightly centrifuged to pellet the RBCs, 

and all plasma was removed. The RBCs were lysed in distilled water to release free hemoglobin 

into solution (total volume 100 μl). The samples were centrifuged at high centrifugal force one 

final time to remove RBC membranes from the hemoglobin. The concentration of hemoglobin in 

each sample was measured via optical absorption (A540nm) in a 96 well plate reader (FLUOStar 

Optima, BMG Labtech) and compared against the optical absorption of a reference concentration 

of human hemoglobin (Sigma Aldrich, St. Louis, MO). Thus, the circulating hemoglobin 

concentration was quantified every three minutes during the sonothrombolysis experiment, and 

the total amount of hemoglobin within the fraction of the clot that remained on the suture was also 

measured. Together, these measurements permitted the calculation of the rate at which hemoglobin 

was removed from the clot through time, which was considered to be a volumetric measurement 

of the clot lysis rate. Least-squares linear regression was performed on the time-series data to 

derive a volumetric clot lysis rate for each experimental condition. Statistical significance between 

 
Figure 5-1: Characteristics of microbubbles produced by flow-focusing microfluidic devices 
(A) (Left) Schematic of the flow-focusing microfluidic device (FFMD). There are two liquid inlets (L), one gas 
inlet (G), filters to prevent the nozzle from clogging (F), and an outlet where MBs are emitted (O). (Right) 20X 
magnified view of the device nozzle. Dimensions are ࢍ࢝  = ૜૙ ࢓ࣆ , ࢒࢝  = ૞૙ ࢓ࣆ , =  ࢝  ૡ ࢓ࣆ, ࢒ࣂ =
૛૞° , ࢈ࣂ = ૞૙° . (B) High speed images of the FFMD producing 20 µm (left) and 10 µm (right) diameter MBs. 
(C) MB production rates as a function of liquid flow rate, ࢒ࡽ, for four different gas pressure. (D) MB diameter as 
a function of liquid flow rate, ࢒ࡽ, for four different gas pressures.   
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slopes was determined using two-sided t-tests (α=0.05). All statistical analysis was performed in 

MATLAB (Mathworks, Natick, MA). 

5.4 Results 

5.4.1 FFMD microbubble production and characterization 

 A schematic and description of the microfluidic channel geometry is illustrated in Figure 3-

1A.  MBs of diameters between 9.8 ± 0.3 and 31.1 ± 1.4 µm were produced at rates between 87.7 

± 4 × 103 and 1043 ± 94 × 103 MB/s (Figure 5-1 B,C,D). Gas pressures ranged from approximately 

40 to 110 kPa and liquid flow rates were varied between 20 and 110 µl/min. The MB production 

characteristics at discrete gas pressures and liquid flow rates, as shown in Figure 5-1C and 5-1D, 

were acquired from a single FFMD operated on three separate days to gauge reproducibility. 

 MB stability was assessed by monitoring the change in MB size and number following 

production by the FFMD. The data shown in Fig 5-2A were acquired from an FFMD producing 

20 µm diameter MBs at a rate of approximately 225 × 103 MB/s. As shown, the initial distribution 

at 0 s has a primary peak at approximately 20 µm that flattens through time as MBs dissolve, 

expand, coalesce, and aggregate. Through time, the average MB diameter, dMB, remained 

approximately constant near 20 µm, however the standard deviation of dMB measurements 

increases from 2.2 µm at 0 s to 5.9 µm at 120 s. The half-life of these 20 µm diameter MBs in a 

well-mixed saline environment was measured to be 65 ± 27 s across three separate measurements. 

The onset of stable and inertial MB cavitation in response to acoustic excitation was characterized 

by analyzing the frequency content of acoustic backscatter from MBs ensonified by long-pulse 

acoustic excitation at 1 MHz. A representative power-spectra of a suspension of FFMD-produced 

MBs with 15 µm diameter is shown in Figure 5-2B.  Ultraharmonics were not observed at a PNP 

of 50 kPa, but were observed at PNP of 250 kPa and 500 kPa. A significant increase (approx. 10 
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– 15 dB) in broadband acoustic noise was observed when increasing the PNP from 250 kPa to 500 

kPa, which corresponds to the onset of inertial cavitation. Thus, based on this analysis, both stable 

and inertial cavitation was observed at 500 kPa for FFMD produced MBs of 15 µm diameter.195 A 

similar analysis for sonication-produced MBs (dMB = 2.8 ± 1.7 µm) confirmed that both stable and 

inertial cavitation also occurred at 500 kPa (data not shown). In addition, long-pulse 500 kPa PNP 

 
Figure 5-2: FFMD microbubble dissolution and acoustic properties  
(A) (left) MB distributions over time as measured by a Coulter counter immediately after production by a flow-
focusing microfluidic device (FFMD). MB diameters were confirmed via optical microscopy to be approximately 
20 µm. (Right) Change in MB diameter (top) and number (bottom) over time, as measured from the Coulter 
distributions. (B) Frequency analysis of the acoustic backscatter from 15 µm diameter MBs produced by a FFMD 
when exposed to long-pulse acoustic excitation at 1 MHz and three different pressures. The generation of 
ultraharmonic responses (e.g. 1.5, 2.5 MHz) is associated with stable MB cavitation. Increase in broadband noise 
is associated with the onset of inertial cavitation.  
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excitation was confirmed to result in significant primary radiation force that pushed MBs out of 

the stream of flow and onto the clot face during the sonothrombolysis experiments. 

5.4.2 In vitro sonothrombolysis assay 

 A schematic depiction of the colorimetric assay utilized to measure volumetric clot lysis rates 

is shown in Figure 5-3A. To determine the sensitivity of this assay, 10 blood clots of uniform size 

and composition were completely lysed by 1 µg/ml rtPA in a 30 ml volume of human plasma for 

4 hours at 37 C. Following complete lysis, the free RBCs were centrifuged, plasma was removed, 

and the pelleted RBCs were lysed to release free hemoglobin in distilled water. The optical 

absorption (A540nm) of a dilution series of the free hemoglobin, from 50% to 0.097%, was measured 

 
Figure 5-3: Schematic of in vitro sonothrombolysis assay and assay characterization 
(A) Schematic of in vitro sonothrombolysis assay. Briefly, a blood clot was placed in a circulating flow loop and 
was exposed to ultrasound, microbubbles, and rtPA. The circulating plasma was sampled every minute and 
hemoglobin concentration was quantified using a plate reader. Changes in hemoglobin concentrations over time 
were used to derive a volumetric clot lysis rate for each experimental condition. (B) Sensitivity of the assay to 
percentage of the initial clot volume based on [Hb]. The assay is able to detect hemoglobin concentrations 
corresponding to greater than 1.5% of the initial clot volume. (C) Representative image of a clot prior to (top) and 
after (bottom) 30 min of sonothrombolysis. (D) Distribution of clot fragments observed on the 18 micrometer 
nylon mesh filter across all clots studied.   
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to determine the smallest fraction of eroded clot that could be measured accurately by the assay. 

As shown in Figure 5-3B, hemoglobin concentrations corresponding to less than 1.5% of the total 

clot could not be distinguished from one another as the absorption measurement was too close to 

the sensitivity limit of the plate reader. Fractions above 1.5% of the total clot could be accurately 

and significantly detected (p < 0.05). 

 Images of the clot at 4X magnification were acquired by a microscope-mounted camera, as 

shown in Figure 5-3C, although these images were not used to quantify volumetric clot lysis rates. 

As shown, clot erosion occurred approximately uniformly along the clot face, and no large clot 

fragments were observed to be released from the clot. This observation is further strengthened by 

an analysis of clot fragments observed on the 18 µm nylon mesh filter. Figure 5-3D is a histogram 

of all clot fragments contained on the mesh filter across all clots and across all experimental 

conditions (described below). The largest clot fragment was 78 µm, as measured along its longest 

dimension.  

5.4.3 In vitro sonothrombolysis with MBs produced by FFMD 

 The sets of experimental sonothrombolysis conditions that were evaluated in this study are 

given in Table 5-1. Two conditions without MBs and two conditions with MBs produced via 

Table 5-1: Parameters for different experimental in vitro sonothrombolysis conditions 
Group [rtPa] 

(µg/ml) 
US MB 

production 
method 

MB 
conc. 

( ml-1 ) 

MB production 
rate (1 × 103  s-1) 

MB 
diameter 

(µm) 

MB gas 
volume 

(µl) 
A 0 – – – – – 0 
B 1 – – – – – 0 
C 1 Yes Sonication 1 × 106 – 2.8 ± 1.7 1.4 
D 1 Yes Sonication 1 × 108 – 2.8 ± 1.7 140 
E 1 Yes FFMD – 50 15 160 
F 1 Yes FFMD – 250 15 800 
G 1 Yes FFMD – 950 15 3020 
H 1 Yes FFMD – 850 10 800 
I 1 Yes FFMD – 100 20 800 
J 0 Yes FFMD – 250 15 800 
K 0.1 Yes FFMD – 250 15 800 
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sonication were evaluated in order to establish a baseline control for comparison to the MBs 

produced by the FFMD. The approximate volume of gas introduced into the flow loop over the 

entire 30 min experiment is also listed in the table (C4F10 or N2).  

 Volumetric clot lysis curves for four experimental conditions are shown in Figure 5-4A. In all 

cases, the volumetric erosion rates were observed to be approximately linear over 30 minutes. The 

slopes derived from a linear regression of these four datasets correspond to the volumetric clot 

lysis rates (% of clot per minute) and are presented as a bar graph in Figure 5-4B. Clot lysis in the 

absence of rtPA, ultrasound, or MBs (Group A) was below the sensitivity of the assay (less than 

1.5% of clot eroded over 30 minutes). To approximate a clinical-dose of rtPA,176 1 µg/ml rtPA 

was circulated in the flow loop (Group B), and the clot lysis rate was 0.13 ± 0.03 %/min. 

Sonication-produced MBs (1×106 MB/ml, dMB = 2.8 ± 1.7 µm) and 1 MHz ultrasound were added 

to 1 µg/ml rtPA to match approximate clinical sonothrombolysis conditions (Group C 36-38) and 

the clot lysis rate approximately doubled to 0.29 ± 0.04 %/min. When FFMD-produced MBs with 

dMB = 15 µm and a production rate of 250×103 MB/s were used with 1 µg/ml rtPA and 1 MHz 

ultrasound (Group F), the clot lysis rate was 0.97 ± 0.06 %/min.  

 
Figure 5-4: in vitro clot lysis curves for four experimental conditions 
(A) Clot lysis curves for experimental groups A, B, C, F. Data points are mean ± S.E. (B) Volumetric clot lysis 
rates for the four experimental groups shown in (A). * indicates p < 0.05.   
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 Additional studies were performed to evaluate the effects of MB concentration, rtPA 

concentration, and MB diameter on rate on the sonothrombolysis process. Figure 5-5A shows the 

sonothrombolysis rates observed as the MB concentration (Groups C, D) or the FFMD production 

rates were increased (Groups E, F, G). As shown, sonothrombolysis rates increased as FFMD 

production rate increased, and rates observed for Groups F and G were significantly greater than 

Group D, which represented an approximate 100-fold greater MB dose than clinical MB dose. The 

effect of increasing rtPA concentration on sonothrombolysis rates is shown in Figure 5-5B. As 

expected, sonothrombolysis rates increased with increasing rtPA dose across Groups J, K, F. 

Finally, the effect of MB diameter was investigated and results are shown in Figure 5-5C. The 

approximate volume of gas administered in groups H, F, I was held constant while the MB 

diameter was varied across the range 10, 15, and 20 µm. The sonothrombolysis rates decreased 

with increasing MB diameter, but this effect may be due to the dramatic decrease in MB number 

as the MB diameter increased. When the production rates of 10 and 15 µm diameter MBs were 

approximately the same (Groups H and G), the observed sonothrombolysis rates were not 

significantly different (p = 0.377).  

 
Figure 5-5: in vitro volumetric clot lysis rates for multiple experimental conditions 
(A) Volumetric clot lysis rates for experimental groups that investigate the effect of changes in MB concentration 
and production rate. (B) Volumetric clot lysis rates that investigate the effect of changes in rtPA concentration. 
(C) Volumetric clot lysis rates that investigate the effect of changing MB diameter. * indicates p < 0.05.   
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 p-values were computed to test for similarity among the experimental conditions and are listed 

in Table 5-2 (two-tailed t-test). The ratio of clot lysis rates for all experimental conditions relative 

to an approximate clinical dose of rtPA (Group B, 1 µg/ml) are listed in Table 5-3.  

5.5 Discussion 

5.5.1 In vitro sonothrombolysis model 

 The in vitro sonothrombolysis model presented in this study measured clot erosion down to 

1.5% of the total clot volume, which was sufficient to study a wide range of experimental 

conditions. A benefit of this model was the ability to derive volumetric clot erosion rates from 

multiple time-points, which significantly increased the confidence in the measured 

 Table 5-2: p-value for comparison of clot lysis rates under differing experimental conditions.  
 A B C D E F G H I J K 
A – < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B – – 0.0241 < 0.001 0.113 < 0.001 < 0.001 < 0.001 < 0.001 0.457 < 0.001 
C – – – < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.0238 < 0.001 
D – – – – 0.124 0.084 0.0481 < 0.001 0.003 < 0.001 0.183 
E – – – – – 0.017 < 0.001 < 0.001 0.312 < 0.001 0.0387 
F – – – – – – 0.042 0.214 0.009 < 0.001 < 0.001 
G – – – – – – – 0.377 < 0.001 < 0.001 < 0.001 
H – – – – – – – – 0.289 < 0.001 < 0.001 
I – – – – – – – – – < 0.001 0.441 
J – – – – – – – – – – 0.008 
K – – – – – – – – – – – 

Significant differences, p < 0.05, are italicized. 

Table 5-3: Clot lysis rates relative to experimental Group B (1 µg/ml rtPa alone).  
Group Ratio of Clot Lysis 

Rates 
A 0.06 (0, 0.11) 
B – 
C 2.1 (1.9 , 2.4) 
D 4.3 (3.9, 4.7) 
E 5.4 (4.8, 6.0) 
F 7.3 (6.6, 8.0) 
G 8.8 (7.9, 9.8) 
H 8.1 (7.2, 9.1) 
I 6.0 (5.4, 6.7) 
J 1.4 (1.2, 1.6) 
K 4.7 (4.2, 5.2) 

Relative rates presented as mean (95% C.I.). 
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sonothrombolysis rates compared to models that rely on measurements taken at a single time point 

at the end of the study (for instance, models in which clots are weighed before and after 

treatment).190,197,198 The sonothrombolysis experiments were performed for 30 minutes because 

this was sufficient for evaluating a statistically significant difference in lysis rates and because the 

lysis rates were approximately linear for the first 30 minutes. However, it is not expected that these 

approximately linear lysis rates continue for entire duration of the clot lysis process. As shown by 

Petit et al. in a similar sonothrombolysis model, lysis rates are approximately linear at the 

beginning of the process and decrease as the clot erodes.185  

 The sonothrombolysis model used in this work produced results that are in broad agreement 

with those presented in the literature. As shown in Figure 3-4, adding ultrasound and sonicated 

MBs at a concentration of 1 × 106 MB/ml increased the in vitro thrombolysis rate by 2.1-fold (95% 

C.I. 1.9 – 2.4) relative to thrombolysis rates observed when using rtPA alone at an approximate 

clinical dose (e.g. 1 µg/ml). Previously reported results for similar experimental conditions 

demonstrated increased thrombolysis rates of approximately 1.5 and 3-fold, depending on 

ultrasound conditions and the composition of the blood clot.181,182,184-187,190  

 The composition of the blood clot greatly impacts the efficacy of thrombolysis by rtPA, with 

or without the addition of MBs or ultrasound.197 The in vitro clot formulation used in this study 

was intended to simulate the average composition of clots retrieved from 50 ischemic stroke 

patients, which were determined via histology to be comprised of 61 ± 21 % fibrin/platelets, 34 ± 

21 % RBCs, and 4 ± 2 % white blood cells.196 Accordingly, the thrombus composition used in this 

study was comprised of 65 % platelet-rich plasma and 35 % RBC in order to simulate ‘white clots’ 

(platelet rich), which are more likely to be observed in vivo than red clots, which are rich in RBCs 

and fibrin.199 The high platelet content is associated with reduced thrombolysis rates compared to 
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the RBC-rich blood clots formed from whole blood that are often studied in in vitro 

sonothrombolysis models.197  

 Finally, the model permitted the evaluation of clot fragmentation, which is of concern in the 

context of ischemic stroke, as clot fragments that migrate downstream may cause distal emboli 

and restrict flow to distal regions of the brain.159,179 Few clot fragments above 20 µm in diameter 

remained on the nylon mesh filter at the end of the studies, which may indicate that 

sonothrombolysis does not result in significant clot fragmentation. However, this may also be a 

result of circulating rtPA that could have dissolved fragments that were caught on the mesh but 

remained in the flow loop for the duration of the experiment. No obvious trends could be 

established regarding which experimental conditions produced the most clot fragmentation 

because few clot fragments above 20 µm in diameter were retained on the nylon mesh.   

5.5.2 Sonothrombolysis with MBs produced by FFMDs 

 Increased MB concentrations are associated with accelerated sonothrombolysis rates but may 

also increase the incidence of undesirable off-target effects (e.g. hemorrhage, 

hemolysis).45,178,186,190 Thus, we sought to develop a MB delivery technique and formulation that 

would permit high MB concentrations in the vicinity of the thrombus but low concentrations 

elsewhere. Accordingly, we hypothesized that placement of a catheter near the blood clot would 

permit the use of large, transiently stable MBs that dissolve downstream and potentially reduce 

the incidence of off-target effects.194,200 MB production by a FFMD at the site of therapeutic 

delivery is hypothesized to permit real-time adjustment of MB size, concentration, composition, 

and stability in order to modulate sonothrombolysis efficacy and safety.57,193 The N2 gas MBs used 

in this work exhibited a half-life of 65 ± 27 s in well-mixed saline and were also observed to 

dissolve within minutes in the sonothrombolysis experiments (Figure 5-3A).58,59 Notably, this 
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same FFMD MB formulation was evaluated in a mouse model, and circulation half-lives of less 

than 30 s were observed.193 The stability of FFMD-produced MBs can be tuned to a specific 

application by changing the shell material (e.g. using a lipid56,201) or by using a gas with different 

solubility in water (e.g. decafluorobutane59 or CO2).  

 MB gas volumes introduced into the sonothrombolysis assay over 30 minutes ranged from 1.4 

µl to 3 ml, and sonothrombolysis rates were observed to increase with increasing MB gas volume, 

MB concentration, and MB production rates (Figure 5-5A). The condition in which 3 ml N2 gas 

was administered (Group G) represents the upper limit of MB production rates attainable by the 

FFMD, and the safety of administration of these large gas volumes must be considered when 

translating this technique to in vivo models. Rapid intra-arterial administration of even 1 ml of air 

is considered unsafe due to the risk of gas embolism,202 but smaller volumes (e.g. 100 µl) have 

been administered safely in rabbit models,203,204 suggesting that several milliliters of high solubility 

gas could be administered intra-arterially over a long time period. In contrast, venous 

administration of large gas volumes poses much less of a risk, so this technique may be more 

translatable for the treatment of venous thromboembolisms than for stroke. In any case, additional 

study of the use of large volumes of high solubility gases in in vivo models is required to determine 

if this approach is feasible in vivo.  

 As shown in Figure 5-5B, sonothrombolysis rates were found to increase with increasing rtPA 

dose (Groups J, K, F). The results suggest that accelerating thrombolysis with MBs produced by 

FFMDs may provide the opportunity for rtPA dose reduction because the thrombolysis rates for 

Group B (rtPA dose of 1 µg/ml) and Group J (rtPA dose of 0 µg/ml) were statistically similar (p 

= 0.457). This also implies a significant degree of mechanical disruption from MB interactions 

with the clot, given that limited enzymatic breakdown of the fibrin mesh could occur in Group J. 
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This observation is consistent with previous findings that have described significant clot erosion 

from MBs and ultrasound alone, especially when using ultrasound parameters that elicit both stable 

and inertial cavitation (Figure 5-2).178,185,195 In addition, a 10-fold increase in rtPA dose from 0.1 

µg/ml (Group K) to 1 µg/ml (Group F) was associated with only a 40% increase in 

sonothrombolysis rate, potentially a sign of diminishing returns. Developing thrombolysis 

techniques that utilize reduced rtPA doses, or even no rtPA, is of significant clinical importance 

given that many patients presenting with stroke or venous thromboembolisms are contraindicated 

for rtPA therapy.150,151 

 Sonothrombolysis rates were also evaluated when the diameter of FFMD-produced MBs was 

varied from 10 to 20 µm and the total amount of gas held constant at approximately 800 µl. The 

sonothrombolysis rates decreased with increasing MB diameter (Figure 5-5C), but this effect may 

be due to the decrease in MB number and concentration as the MB diameter increased. In support 

of this view, when the production rates of 10 and 15 µm diameter MBs were approximately the 

same (Groups H and G), the observed sonothrombolysis rates were not significantly different (p = 

0.377). In addition, Groups D and E were performed to compare sonothrombolysis rates in 

approximately gas volume-matched conditions for sonication-produced MBs of diameter 2.8 ± 1.7 

µm and FFMD-produced MB of 15 µm. The sonothrombolysis rates were not statistically different 

(p = 0.124), but Group D is representative of a 100-fold increase in the clinically permitted 

concentration of high-stability MBs, which may be prohibitive in vivo. This result suggests that, 

on a per-MB basis, the larger FFMD-produced MBs may be more effective at accelerating 

sonothrombolysis rates, but there is a need for additional study to establish optimal MB size and 

concentration for accelerating thrombolysis.  
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 Overall, the results of this study suggest that the larger MBs produced by the FFMD are capable 

of significantly enhanced sonothrombolysis rates compared to conditions in which only clinical 

doses of either rtPA or rtPA with small MBs were used (i.e. 2 – 8 fold enhanced sonothrombolysis 

rates, Table 5-3). The notion that large MBs confer enhanced bioeffects is supported by 

experimental and theoretical studies that demonstrate higher energy inertial cavitation,205-207 larger 

microstreaming fields,208-210 more violent jetting,205,211,212 and increased acoustic radiation 

forces110,213 from MBs of large diameter compared to MBs of small diameter. Further enhancement 

of sonothrombolysis rates may be possible by matching the ultrasound frequency to the resonance 

frequency of the MB, as MBs undergo larger amplitude radial oscillations44,214 and exhibit a lower 

pressure threshold for cavitation when excited near their resonant frequency;134,215 all factors that 

may increase their ability to tunnel into and disrupt the fibrin mesh.178 It should be noted that most 

clinical applications of sonothrombolysis for ischemic stroke therapy have utilized ultrasound 

frequencies between 1 – 3 MHz36-38,200 and that lower frequencies have been linked to standing 

wave formation and increased hemorrhagic transformation.180,216 Thus, while the safety of in vivo 

administration of this MB formulation has been evaluated in a mouse model,193 additional study is 

required in large animal in vivo models to balance thrombolysis efficacy with safety concerns 

related to gas embolism, hemorrhage, and potentially destructive bioeffects caused by cavitating 

MBs. 

5.6 Conclusions 

 This study evaluated the in vitro sonothrombolysis efficacy of large, transiently stable 

microbubbles produced by a flow-focusing microfluidic device. The use of large diameter 

microbubbles (dMB = 10 – 20 µm) produced in real-time at production rates between 50 – 950 × 

103 per second by a flow-focusing microfluidic device resulted in approximately 4 – 8 fold 
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increases in sonothrombolysis rates compared to a clinical rtPA dose. Additionally, the 

sonothrombolysis rates observed with microbubbles produced by a flow-focusing microfluidic 

device resulted in approximately 2 – 4 fold increases in sonothrombolysis rates compared to a 

peripheral I.V. infusion of a clinical dose of conventional microbubbles and a clinical dose of rtPA. 

Overall, the results of this study indicate that the large diameter microbubbles produced by a flow-

focusing microfluidic device are capable of significantly enhanced in vitro sonothrombolysis rates. 

Additional testing is required to optimize the use of this microbubble formulation and to evaluate 

its efficacy in vivo.  
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Chapter 6. In vivo sonothrombolysis efficacy of microbubbles 

produced by a microfluidic device in a rat model of ischemic stroke5 

6.1 Abstract 

 Sonothrombolysis traditionally uses microbubble formulations comprised of low solubility 

gases with diameters between 1–4 µm. Microbubbles with parameters outside of this range have 

not been explored for sonothrombolysis due to embolic risks associated with large diameter gas 

bubbles. However, a growing body of evidence suggests that larger microbubbles confer increased 

bioeffects when excited acoustically, as has been demonstrated in blood brain barrier disruption, 

sonoporation, and sonothrombolysis studies. In this work, we used a flow-focusing microfluidic 

device to produce microbubbles comprised of a non-crosslinked albumin shell with a nitrogen gas 

core. These microbubbles had diameters between 10 – 20 µm and have previously been shown to 

exhibit in vivo circulation half-lives of less than 60 s. The efficacy of these microbubbles at 

accelerating clot lysis via sonothrombolysis was evaluated in a rat model of ischemic stroke (n = 

32). The microbubbles were produced in real-time and were administered via a catheter to the 

internal carotid artery for direct delivery to the occluded middle cerebral artery, while ultrasound 

was administered through the skull and rtPA was administered intravenously via a tail-vein 

catheter. The results demonstrate that larger-diameter microbubbles comprised of high solubility 

                                                 
5 This chapter contains material from the following peer-reviewed conference and journal publications: 
AJ Dixon, JP Kilroy, AL Klibanov, JA Hossack, “Microbubbles produced by a catheter-based microfluidic device for 

sonothrombolysis applications.” 20th European Symposium on Ultrasound Contrast Imaging (2015), Rotterdam, 
The Netherlands. 

AJ Dixon, J Li, JMR Rickel, B Shin, Z Zuo, JA Hossack, “Sonothrombolysis efficacy of microbubbles produced by 
a microfluidic device in a rat ischemic stroke model.” IEEE International Ultrasonics Symposium (2016), Tours, 
France. 

AJ Dixon, J Li, JMR Rickel, B Shin, Z Zuo, JA Hossack, “Sonothrombolysis efficacy of microbubbles produced by 
a microfluidic device in a rat ischemic stroke model.” in preparation. 
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gases can be safely administered intra-arterially to deliver a sonothrombolytic therapy. Further, 

sonothrombolysis using these large microbubbles reduced cerebral infarct volumes by up to 

approximately 50% versus no therapy and permitted a rtPA dose reduction of 3.3 (95% C.I. 1.8 – 

3.8) fold when compared to therapy with intravenous rtPA alone.  

6.2 Introduction 

 Early recanalization of the large occluded arteries in the brain is an essential component of 

treatment after the onset of acute ischemic stroke. Intravenous administration of recombinant tissue 

plasminogen activator (rtPA) only achieves complete recanalization is approximately 30% of 

patients, which has motivated the development of alternative recanalization techniques.149,217 

Current generation thrombectomy catheters, known as “stentrievers”, have recently achieved 

primary vessel recanalization rates approaching 90% and complete restoration of perfusion in 

distal capillary beds in close to 60% of cases.156,218 These results, reported by multiple independent 

trials (MR CLEAN219, SWIFT PRIME156, ESCAPE220, REVASCAT221, EXTEND-IA222), 

represent a significant improvement over intravenous rtPA therapy and strongly support the use of 

interventional endovascular approaches for treating acute ischemic stroke patients.223  

 However, despite successful recanalization of the primary vessel, a subset of patients still fail 

to achieve clinical improvement. One possible explanation for this may be microcirculation no-

reflow, a situation in which major vessel recanalization does not result in microvascular 

reperfusion.224,225 Indeed, while improved outcomes of recent trials were strongly linked to 

improved recanalization rates, the 90-day outcomes of patients whose distal perfusion was not 

restored (i.e. TICI 0/1/2a scores) were significantly worse than the outcomes of patients whose 

distal perfusion was completed restored were completely recanalized (34% vs 49% functional 90-

day mRS score, respectively).226,227 Therefore, given the recent success of stent retrievers for 
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treating the primary occlusion, the focus must now turn to extending the “reach” of these catheters 

to address distal occlusions in M2 segment of the MCA (and beyond) that contribute to poor 

revascularization in the remaining ~30% of ischemic stroke patients.   

 Multiple reports have suggested that the use of adjuvant ultrasound (with or without 

microbubbles) improves rtPA efficacy and distal reperfusion.228-231 In a clinical trial, ischemic 

stroke patients treated with a combination of rtPA, transcranial ultrasound, and microbubbles had 

significantly higher rates of complete recanalization (55% vs 24%) and greater clinical 

improvement (54.9% vs 31.1%) compared with patients who received rtPA alone.231 Notably, the 

observed rate of complete recanalization was similar to that achieved by the recent stentriever trials 

discussed above. However, a limitation of these sonothrombolysis-based approaches was an 

increased risk of off-target intracerebral hemorrhage (ICH), which led at least one clinical study 

to early termination.232 Thus, methods must be developed to confine the effects of 

sonothrombolysis to the primary occluded vessel and its downstream capillary bed to limit these 

off-target deleterious effects in otherwise unaffected regions of the brain. 

 In this work, we evaluated a catheter-based sonothrombolysis treatment method that used 

large-diameter microbubbles for accelerating primary vessel recanalization in a rat model of 

ischemic stroke. The development of this method was informed by the clinical findings in support 

of endovascular interventions for acute ischemic stroke and the growing body of evidence 

indicating that larger microbubbles produce enhanced bioeffects due to increased 

microstreaming,233-236 increased momentum transfer via acoustic radiation force, 39,237,238 and 

higher-energy cavitation events.206,207,239 Thus, we hypothesized that off-target hemorrhage could 

be mitigated by directing the delivery of microbubbles to the occluded blood vessel while 
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enhancing the thrombolytic effect of sonothrombolysis by using larger microbubbles with 

enhanced bioeffects. 

6.3 Materials and Methods 

6.3.1 Microfluidic device fabrication and microbubble production 

 A custom SU-8 mold with the flow-focused microfluidic device (FFMD) channel design was 

manufactured by photolithography, as previously described.58,59 Devices were cast in 

polydimethylsiloxane (PDMS) and bound to a clean PDMS substrate using oxygen plasma. The 

final device had a channel height of 22 micrometers and a nozzle width of 8 micrometers, while 

 
Figure 6-1: in vitro clot lysis curves for four experimental conditions 
(A) (Left) Schematic of the flow-focusing microfluidic device (FFMD). There are two liquid inlets (L), one gas 
inlet (G), filters to prevent the nozzle from clogging (F), and an outlet where MBs are emitted (O). (Right) 20X 
magnified view of the device nozzle. Dimensions are ࢍ࢝  = ૜૙ ࢓ࣆ , ࢒࢝  = ૞૙ ࢓ࣆ , =  ࢝  ૡ ࢓ࣆ, ࢒ࣂ =
૛૞° , ࢈ࣂ = ૞૙° . (B & C) High speed images of the FFMD producing 10 µm diameter MBs. The liquid phase 
(green) is easily distinguished from the gas phase in B. (D) Monodisperse microbubbles imaged immediately after 
exiting the microfluidic device. Scale bar in (B,C,D) is 10 µm. (E) MB production rates as a function of liquid 
flow rate, ࢒ࡽ, for four different gas pressure. (F) MB diameter as a function of liquid flow rate, ࢒ࡽ, for four different 
gas pressures.   
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the liquid and gas channels were 50 and 30 micrometers wide, respectively. All stated dimensions 

are accurate to ± 1 micrometers. A schematic of the FFMD is shown in Figure 6-1.  

 Microbubbles were produced using 99.998% N2 (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). The liquid 

phase was filtered by 0.2 µm nylon filters prior to use in the FFMD. The gas pressure was regulated 

by a digital manometer (06-664-22, Fisher Scientific, Waltham, MA). Microbore PTFE tubing of 

762 µm outer diameter (Cole-Parmer, Vernon Hills, IL) was used to convey the gas and liquid 

phases into the device. Liquid flow rates varied between 30 – 90 µL/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. 

6.3.2 Safety evaluation of intra-arterial administration of FFMD-produced microbubbles 

 All animal protocols were approved by the University of Virginia Animal Use and Care 

Committee. Prior to conducting the ischemic stroke studies described below, a small study was 

conducted to evaluate the safety of intra-arterial delivery of the large microbubbles produced by 

the FFMD. On the day of surgery, male Sprague-Dawley rats weighing between 350 – 500 g were 

anesthetized with 5 vol% isoflurane in medical air, intubated, and ventilated artificially throughout 

the experiment using an anesthesia ventilator. Isoflurane was reduced to 2 vol% in medical air 

after intubation for the remainder of the experiment. The external carotid artery (ECA) was 

catheterized and a PE-10 tube was inserted to the junction of the ECA and the internal carotid 
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artery (ICA). Microbubbles of approximately 15 µm diameter produced at three different 

production rates were administered continuously to the rat ECA through the PE-10 tube for 15 

minutes. Rats were monitored for changes in respiration or heart rate during microbubble 

administration. After 15 minutes of microbubble administration, rats were allowed to wake from 

anesthesia and a neurological deficit score was measured immediately after recovering from 

anesthesia and 24 hours later.240 At the 24 hr time point, the rats were sacrificed, their brains 

excised, fixed in paraformaldehyde, sliced into 2 mm thick sections, and stained with 

triphenyltetrazolium chloride (TTC) to evaluate the brain infarct volume.  Brain infarct volume 

was measured by an anesthesiologist who was blinded to the study groups. 

 The neurological deficit scoring system is as follows: 0, no apparent deficits; 1, failure to 

extend left forepaw fully; 2, decreased grip of the left forelimb; 3, spontaneous movement in all 

directions, contralateral circling only if pulled by the tail; 4, circling or walking to the left; 5, 

walking only if stimulated; 6, unresponsiveness to stimulation and with depressed level of 

consciousness; 7, dead.240  

6.3.3 Rat model of ischemic stroke 

 On the day of surgery, the rats were anesthetized with 5 vol% isoflurane in medical air, 

intubated, and ventilated artificially throughout the experiment using an anesthesia ventilator. 

Isoflurane was reduced to 2 vol% in medical air after intubation for the remainder of the 

experiment. Blood acquired from the tail vein of a donor rat was clotted in a PE-50 tube and kept 

at 4C for up to 48 hr prior to experimentation. Ischemic stroke was simulated in the rat by 

administering the blood clot into the middle cerebral artery via catheterization of the ECA, as 

described above. The clot was administered via a PE-10 tube and was allowed to sit in the MCA 

for 15 minutes prior to a therapeutic intervention. The total volume of clot administered to each 
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rat was the same, and was measured to be approximately 16 µl. All animals also received a tail-

vein catheter for administration of thrombolytic drugs, if applicable.  

 Animals were randomized to four different therapeutic interventions. Group A animals 

received a 2 ml intravenous injection of saline via the tail vein catheter (sham). Group B animals 

received a 2 ml intravenous injection of rtPA (0.9 mg/kg) in saline via the tail vein catheter 

(representative of a clinical dose).241 Group C animals received 1/10th of the rtPA dose of Group 2 

animals (0.09 mg/kg) in saline via the tail vein catheter. Group D animals also received 1/10th of 

the rtPA dose of Group B animals (0.09 mg/kg) via the tail vein catheter and sonothrombolysis 

 
Figure 6-2: Schematic of rat surgery for administration of microbubbles and thrombus 
The ECA was catheterized and the catheter was placed at the junction of the ICA and ECA. Microbubbles were 
administered through a PE-10 tube that was connected to the outlet of the FFMD and to the catheter by a tubing 
connector. In the ischemic stroke studies, the clot resided where the ICA intersects the Circle of Willis and 
occluded both the MCA and PCA. Figure adapted and modified from Crumrine RC et al4 under the guidelines of 
the Creative Commons Public License (CCPL) 2.0 for Open Access Images. CCPL 2.0 license may be found at 
the following link: https://creativecommons.org/licenses/by/2.0/legalcode. The original figure may be found at 
this link: https://openi.nlm.nih.gov/detailedresult.php?img=PMC3184064_2040-7378-3-10-3&req=4 
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therapy as described below. In all Groups, the tail vein injection was performed via continuous 

infusion using a syringe pump over a period of 30 minutes. 

 In Group D animals, microbubbles produced in real time by the FFMD were administered via 

the ECA catheter that was previously used to place the blood clot. The microbubble outlet channel 

of the FFMD was connected directly to the ICA catheter to administer microbubbles into the rat. 

Ultrasound was applied by a single element ultrasound transducer coupled to the skull of the rat 

by ultrasound gel (1 MHz center frequency, V302-SU, Olympus Panametrics, Waltham, MA). The 

hair on the rat’s head was removed to expose the bare skin to facilitate acoustic coupling. Acoustic 

pulses of 100 cycles were applied at 10% duty factor with peak negative pressures of 500 kPa (as 

measured in a water tank). Ultrasound and microbubbles were administered for a total of 30 

minutes. Ultrasound was administered continuously while microbubbles were administered for 30 

s every 4.5 minutes. Microbubble administration could not be continuous because administration 

through the internal carotid artery catheter blocked blood flow to the brain, and blood flow could 

not be blocked for the entire 30 minute intervention. All microbubble production rates quoted in 

Table 6-1: Information on rats included in microbubble safety study 
Rat 
Number 

MB 
Dose  

Weight 
(g) 

MB 
Diameter 

(µm) 

MB 
Production 
Rate (MB/s) 

Total 
Gas 

Volume 
(µl) 

Neurological Score 
Immediately 

Following MB 
Administration 

Percent 
Infarct 
Volume 

101 Control 481 N/A N/A N/A 0 0 

102 Control 511 N/A N/A N/A 1 0 

103 Low  429 15 150,000 240 3 1.5 

104 Low 440 15 150,000 240 1 0 

105 Low 437 15 150,000 240 2 0 

106 Medium  478 15 500,000 800 3 3.5 

107 Medium  529 15 500,000 800 4 7.9 

108 Medium 465 15 500,000 800 3 8.4 

109 High  479 15 1,200,000 1910 5 13.7 

110 High  495 15 1,200,000 1910 7 N/A* 

* Rat #110 died prior to the 24 hr timepoint and TTC staining could not be performed 
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the rat studies were accurate to approximately ± 20 %, while all microbubble diameters stated for 

the rat studies were accurate to approximately ± 10 %. A schematic of the surgery is shown in 

Figure 6-2. 

 Following the intervention, the catheters were removed from the rats and the rats were allowed 

to recover from anesthesia. Immediately following recovery from anesthesia, a neurological deficit 

score was measured based on the rat’s ability to walk and feel pain.240 The neurological deficit was 

also evaluated 24 hr after the intervention. At the 24 hr time point, the rats were sacrificed, their 

brains excised, fixed in paraformaldehyde, sliced into 2 mm thick sections, and stained with 

triphenyltetrazolium chloride (TTC) to evaluate the brain infarct volume.  Brain infarct volume 

was measured by an anesthesiologist who was blinded to the study groups.  

6.4 Results 

6.4.1 Microbubble production by FFMD 

 A schematic and description of the microfluidic channel geometry is illustrated in Figure 6-1.  

MBs of diameters between 9.8 ± 0.3 and 31.1 ± 1.4 µm were produced at rates between 87.7 ± 4 

 
Figure 6-3: TTC staining of brains sections from all rats included in the microbubble safety study 
Regions of infarct may be detected as white or light shades of pink whereas non-infarcted tissue stains pink. Areas 
of small infarcts that are difficult to identify, but were identified by the blind expert observer are indicated by 
black arrows. Obvious infarct zones are not explicitly highlighted. The Rat number associated with each brain 
corresponds to the rat number in Table 6-1.   
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× 103 and 1043 ± 94 × 103 MB/s. Gas pressures ranged from approximately 40 to 110 kPa and 

liquid flow rates were varied between 20 and 110 µl/min. The MB production characteristics at 

discrete gas pressures and liquid flow rates, as shown in Figure 6-1, were acquired from a single 

FFMD operated on three separate days to gauge reproducibility. A still image of monodisperse 

microbubbles that was captured immediately after the microbubbles had left the microfluidic 

device is also shown in Figure 6-1.  

6.4.2 Safety study of intra-arterial microbubble administration 

 Microbubbles produced by an FFMD were continuously administered to the rat brain via the 

ECA catheter for 15 mins to evaluate the safety of intra-arterial MB administration. Microbubbles 

had an average diameter of 15 µm (maximum: 20 µm, minimum 10 µm) and were produced at 

three different production rates: 150,000, 500,000 and 1,200,000 MB/s. These doses corresponded 

to total injected gas volumes of approximately 240, 800, and 1900 µL. Infarct volumes were  

 
Figure 6-4: TTC staining of brains sections from all rats included in Group A (Control) of the ischemic 
stroke study 
Regions of infarct may be detected as white or light shades of pink whereas non-infarcted tissue stains pink. 
Several of these rats died prior to the 24 hour time point, so the healthy tissue did not stain as well, accounting for 
the color variations. The Rat number associated with each brain corresponds to the Rat number in Table 6-4.   
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assessed 24 hr following the administration of MBs to assess damage caused by gas embolization 

of the cerebral vasculature. Results of TTC-staining for each rat brain are shown in Figure 6-3. 

Rats receiving the highest MB doses showed small areas of localized infarct on the side of the 

brain corresponding to the side of the animal that was catheterized. Rats that received the lowest 

MB dose (150,000 MB/s) and no MBs (saline sham injection) showed no signs of infarct. Rats that 

received a medium dose of microbubbles exhibited an average of 6.6 ± 2.7 % infarct. One rat that 

received a high dose of microbubbles exhibited 13.7 % infarct, while a second rat that received the 

same dose exhibited respiratory distress and died 4 – 8 hours after microbubble administration. It 

was observed that this rat struggled to breath upon waking from anesthesia, perhaps due to 

microbubbles that migrated to the heart through the common carotid artery rather than into the 

brain through the ICA.  A summary of infarct measurement results and information about each rat 

included in the safety study is given in Table 6-1. All rats that were alive at 24 hours had a 

 
Figure 6-5: TTC staining of brains sections from all rats included in Group B (Low Dose rtPA) of the 
ischemic stroke study 
Regions of infarct may be detected as white or light shades of pink whereas non-infarcted tissue stains pink. Rat 
#37 was dead at 24 hours after surgery. The Rat number associated with each brain corresponds to the Rat number 
in Table 6-4.   
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neurological deficit score of 0, except the rat the received the highest dose of microbubbles (Rat 

#109), which had a neurological deficit score of 2. 

6.4.3 Rat ischemic stroke model 

 The microbubbles used for the sonothrombolysis intervention in Group D were produced at a 

rate of 250,000 microbubbles per second and had average diameters of 15 µm when measured at 

the nozzle of the microfluidic device. A total of approximately 80 µl N2 gas was administered to 

each animal over the 30 minute intervention. In no cases did the rats appear to suffer from 

respiratory or cardiac distress directly from the administration of microbubbles or the application 

of ultrasound. No rats exhibited intracranial bleeding as would be observed in the histology prior 

to TTC staining.242       

 Infarct volumes were measured for rats in each group (N = 8 rats in Groups A and B, and N = 

7 for Groups C and D). Results of TTC staining for each rat included in the study are given in 

 
Figure 6-6: TTC staining of brains sections from all rats included in Group C (High Dose rtPA) of the 
ischemic stroke study 
Regions of infarct may be detected as white or light shades of pink whereas non-infarcted tissue stains pink. Rat 
#38 was dead at 24 hours after surgery. The Rat number associated with each brain corresponds to the Rat number 
in Table 6-4.   
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Figures 6-4, 6-5, 6-6, and 6-7, and a summary of information about each rat is given in Table 6-4. 

Quantified infarct volumes for all groups are shown as box plots in Figure 6-8. Infarct volumes 

measured for each group were (mean ± std. dev.): control – 60.6 ± 19.7 %, low dose rtPA (0.09 

mg/kg) – 63.6 ± 22.0%, high dose rtPA (0.9 mg/kg) – 23.3 ± 15.9%, and sonothrombolysis plus 

low dose rtPA (0.09 mg/kg) – 32.3 ± 20.1 %. Note that Rat #38 in Group C (high dose rtPA) was 

excluded from analysis because it was a significant outlier on account of its death at 24 hours (the 

statistical basis for outlier detection was evaluation of Pierce’s criterion for outliers).243 Similarly, 

Rat #25 in Group D had died by the 24 hour time point and its brain could not be extracted for 

TTC staining.  

 
Figure 6-7: TTC staining of brains sections from all rats included in Group D (Sonothrombolysis) of the 
ischemic stroke study 
Regions of infarct may be detected as white or light shades of pink whereas non-infarcted tissue stains pink. Eight 
rats were performed in this group, but one rat was found dead 24 hours after surgery and its brain could not be 
excised for TTC staining. Rat #38 was dead at 24 hours after surgery. The Rat number associated with each brain 
corresponds to the Rat number in Table 6-4.   
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Statistical significance among groups was determined using a 1-way ANOVA and Tukey-Kramer 

multiple comparisons test with α = 0.05. Results of the 1-way ANOVA and p-values for each 

individual comparison among groups are given in Table 6-2. The infarct volume results for the 

control and low-dose rtPA groups were not significantly different (p > 0.05). The measured infarct 

volumes for the high dose rtPA group was significantly different from the control and low-dose 

rtPA groups (p < 0.05), but not the sonothrombolysis group (p = 0.805). The measured infarct 

volumes for the sonothrombolysis group was significantly different only from the low-dose rtPA 

group (p = 0.0476), but not from the control group (p = 0.0887) or high-dose rtPA group (p = 

0.805).  

 The average neurological deficit scores measured at 24 hr post-intervention for Groups A, B, 

C, and D are given in Table 6 – 3. Also given in Table 6 – 3 is a 1-way ANOVA analysis and p-

values for statistical comparison amongst the groups. The NDS results for the control and low-

dose rtPA groups were not significantly different (p > 0.05). The NDS for the high dose rtPA group 

was significantly different from the control group, but not the low-dose rtPA (p = 0.073) or the 

 
Figure 6-8: Boxplots of infarct volumes and NDS observed for each experimental group in the rat ischemic 
stroke study 
(Left) Boxplot of infarct volumes and (Right) boxplot of NDS for each rat in the stroke study. The central line in 
each box is the median, while the bottom and top edges of the box are the first and third quartile, respectively. The 
bottom and top of each whisker is the minimum and maximum observed value in each group. Gray dots 
overlapping each box plot are individual measurements from single rats. Statistical significance for each group is 
given in Table 6 – 2 and Table 6 – 3.  
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sonothrombolysis group (p = 0.899). The NDS for the sonothrombolysis group was significantly 

different from both the control and low-dose rtPA groups (p < 0.05), but not from the high-dose 

rtPA group (p = 0.805). 

 The experiment was designed to permit the calculation of a rtPA dose response, using the low-

dose rtPA and high-dose rtPA groups to establish the effect of increasing rtPA dose. The measured 

infarct volume was assumed to scale linearly with increasing rtPA dose, such that the infarct 

volume decreased from 63.6 ± 22.0% at 0.09 mg/kg to 23.3 ± 15.9% at 0.9 mg/kg, or 

approximately a reduction of 4.9 ± 0.9 % per each additional 0.1 mg/kg injected dose. The 

sonothrombolysis group exhibited an infarct volume of 32.3 ± 20.1 %, representing a decrease of 

31.3 ± 29.8% relative to the low dose rtPA group. Based on the linear relationship between rtPA 

dose and infarct volume, the introduction of sonothrombolysis was equivalent to the effect of an 

additional rtPA dose of 0.63 ± 0.18 mg/kg. This equates to a potential rtPA dose reduction of 3.3 

– fold (95% C.I.: 1.8 – 4.8) required to reach the performance of 0.9 mg/kg rtPA. Put another way, 

Table 6-2: Results of 1-way ANOVA and p-values for infarct volumes of rats in the ischemic stroke study 
 

 Group A Group B Group C Group D 
Infarct volume (%) 60.6 ± 19.7  63.6 ± 22.0 23.3 ± 15.9 32.3 ± 20.1 

 
1- way ANOVA 
Source of Variation SS df MS F P-value F crit 

Between Groups 0.898253 3 0.299418 6.473186 0.002028 2.975154 
Within Groups 1.202632 26 0.046255 

   
       

Total 2.100886 29 
    

  
Tukey-Kramer Multiple Comparison Test (p values) 

Group A B C D 
A – 0.392 0.0121 0.0887 
B – – 0.00629 0.0476 
C – – – 0.805 
D – – – – 

Significant differences, p < 0.05, are italicized. 
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sonothrombolysis plus approximately 0.27 ± 0.18 mg/kg rtPA would be expected to match the 

performance of 0.9 mg/kg rtPA alone in this experimental model. Please reference the appendix 

to Chapter 6 for a thorough explanation of the statistical analysis. 

6.5 Discussion 

 This was the first study designed to evaluate the in vivo safety and efficacy of large-diameter 

microbubbles produced in real-time by a flow-focusing microfluidic device for a therapeutic 

application. Microbubbles of similar composition and origin have previously been evaluated for 

sonoporation-mediated in vitro drug delivery58,59 and in vivo contrast enhancement in a murine 

model.193 In prior sonoporation studies, microfluidically-produced microbubbles with N2 gas 

cores, weak-stabilizing shells, and diameters greater than 10 µm were observed to induce 

sonoporation-mediated drug delivery at peak negative pressures that were significantly lower than 

pressures that are widely reported to induce sonoporation with smaller, lipid shelled microbubbles 

of 1 – 4 µm diameter.23,59,107,244 These observations were corroborated by other findings that 

Table 6-3: Results of 1-way ANOVA and p-values for neurological deficit scores of rats in the ischemic 
stroke study 

 
 Group A Group B Group C Group D 
NDS 5.875 ± 1.25 4.75 ± 1.39 3.00 ± 1.41 2.86 ± 1.22 

 
1- way ANOVA 
Source of Variation SS df MS F P-value F crit 

Between Groups 47.57 3 15.85 9.11 0.0003 2.975154 
Within Groups 45.23 26 1.74 

   
       

Total 92.80 29 
    

  
Tukey-Kramer Multiple Comparison Test (p values) 

Group A B C D 
A – 0.341 0.00144 0.001 
B – – 0.0733 0.0469 
C – – – 0.899 
D – – – – 

Significant differences, p < 0.05, are italicized. 
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suggested larger microbubbles elicited stronger bioeffects than smaller microbubbles in the context 

of multiple therapeutic applications, including sonoporation,107 blood brain barrier disruption,192 

and sonothrombolysis studies.190 Notably, these other studies compared microbubbles of 1 – 2 µm 

diameter to microbubbles of 2 – 4 µm diameter and could not evaluate large microbubbles due to 

embolic risk associated with larger diameter, long-circulating microbubbles. Despite this 

limitation, however, significantly stronger bioeffects were observed between the two differently 

sized microbubble populations.  

 The motivation to evaluate even larger microbubbles for therapeutic applications stems from 

the observations stated above and the understanding that larger microbubbles produce enhanced 

bioeffects due to increased microstreaming,233-236 increased momentum transfer via acoustic 

radiation force, 39,237,238 and higher-energy cavitation events.206,207,239 Sonothrombolysis is a 

natural application for enhanced therapeutic efficacy derived from large diameter microbubbles 

because thrombolytic therapy must be administered quickly and, if possible, with as little 

thrombolytic agent as is necessary to reduce the risk of severe off-target bleeding. Until now, the 

primary limitation for the use of large microbubbles for therapeutic applications has been the risk 

of gas embolism associated with microbubbles of diameters larger than the smallest lung 

capillaries. The innovation in this work is the use of microbubbles with short circulation half-lives 

derived from their composition of high solubility gases and a weak surfactant shell. In a previous 

study, these microbubbles were observed to exhibit circulation half-lives of approximately 21 s 

when administered intravenously in a murine model, with almost all microbubbles observed to be 

cleared by the lungs with no respiratory or cardiac distress.193  
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6.5.1 Safety of intra-arterial microbubble administration  

 In this work, the safety of intra-arterial administration of large diameter, microfluidically 

produced microbubbles was evaluated to determine a safe dosing limit in the rat model. 

Microbubbles were administered continuously for 15 min, with total injected N2 gas volumes of 

approximately 240 µl, 800 µl, or 1910 µl. Small, localized infarct zones were observed to result 

from gas emboli in rats receiving 800 and 1910 µl N2 doses, while no gross infarct or neurological 

deficit was observed at the lowest dose. These results are broadly in line with those of Helps et al, 

who observed that rapid injection of 400 µl air into the rabbit cerebral vasculature resulted in 

disrupted cerebral blood flow for approximately 180 min, but caused no lasting neurological 

effect.203,245 Their dose corresponded to roughly 180 µl air/kg, which is less than the safe dose 

observed in this rat study – 600 µl/kg. Although, the discrepancies between injection duration 

(immediate versus 15 min) and animal models (rabbit versus rat) make direct comparisons 

difficult, there is precedent for safe intra-arterial injection of gas volumes on this order of 

magnitude.  

 In the stroke model, microbubbles were administered directly to the occluded blood vessel via 

a catheter placed at the junction of the ICA/ECA. It was our intent to simulate the targeted clinical 

condition in which a catheter would be placed directly in the occluded vessel of a stroke patient. 

A limitation of using the rat model was that microbubbles could not be administered continuously, 

as the catheter occluded blood flow towards the brain and prevented microbubbles from reaching 

the clot while the catheter was in place. Further, microbubbles were administered directly into a 

vessel with occluded flow, so it took longer for the microbubbles to flow out of the ICA and into 

the brain than in the rats without an occlusive thrombus that were evaluated in the microbubble 

safety study. So, microbubbles were administered for 30 s every 4.5 min over the course of the 30 
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min procedure. The selection of this dosing pattern was based on the time required for the ICA to 

completely clear of microbubbles, which indicated that the microbubbles had either dissolved or 

migrated towards the clot and out of view of the surgical microscope. In total, approximately 80 

µl of gas was administered in the stroke animals, which was less than the safe dose established in 

the safety study. However, injection directly into an occluded vessel limited the total number of 

microbubbles that could be effectively administered in this model.  

6.5.2 rtPA dose reduction 

 The infarct volume results of the stroke study indicated that the sonothrombolysis treatment 

with 0.09 mg/kg rtPA (approximately 1/10th clinical dose) was more effective than 0.09 mg/kg 

rtPA alone, but was not as effective as 0.9 mg/kg rtPA. This was the expected result of this study’s 

design and permitted the calculation of the effective rtPA dose-reduction enabled by 

sonothrombolysis treatment method. As stated in the results, sonothrombolysis using the large 

diameter, transiently stable microbubbles permitted a dose reduction of approximately 0.63 ± 0.18 

mg/kg, corresponding to a 3.3 – fold (95% C.I.: 1.8 – 4.8) dose reduction. This degree of rtPA 

dose reduction is significant because many stroke patients are contraindicated for rtPA due to 

bleeding risks and are therefore left with limited treatment options (fewer than 5% of ischemic 

stroke patients receive rtPA).151 Therefore, it is the goal of many interventions to either eliminate 

or greatly reduce the required rtPA dose. 

 In addition to the limitations already stated, this study only considered thrombolysis of clots 

formed from whole blood, which are considered to be erythrocyte-rich and comparatively easy to 

lyse.197 While the clots were allowed to harden and retract over 48 hrs, their composition was not 

reflective of many platelet-rich clots that are often recovered from ischemic stroke patients.196,246 

In addition, as this was a pilot study intended to evaluate the baseline efficacy of this new approach, 
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a comparison of the large, transiently stable microbubbles to conventionally sized microbubbles 

was not made. However, several other investigators have established the performance of 

sonothrombolysis with conventionally sized microbubbles in human studies and rabbit and rat 

models that the results of this study can be compared to.38,181,183,188,229,242,247 Finally, although no 

large-scale intracerebral hemorrhage was observed in the rat brain sections, future studies must be 

specifically designed to evaluate hemorrhagic risk and effects that these large microbubbles may 

cause to the microvasculature. 

6.6 Conclusions 

 This study was the first to evaluate an in vivo therapeutic application of microfluidically-

produced microbubbles that dissolve quickly due to their transient stability. It was demonstrated 

that microbubbles with diameters between 10 – 20 µm comprised of N2 gas with a non-crosslinked 

albumin shell could be administered safely intra-arterially up to a dose of 240 µl gas over a 15 

minute period. The results of the ischemic stroke study indicated that sonothrombolysis using these 

large, transiently stable microbubbles permitted a 3.3 – fold (95% C.I. 1.8 – 4.8) rtPA dose 

reduction relative to intravenous rtPA therapy alone.  

6.7 Appendix 

6.7.1 Statistical determination of dose reduction 

 The relationship between rtPA dose and infarct volume was determined via the following 

calculations. Care must be taken when applying arithmetic operations to distributions of data to 

correctly calculate the variance of the resulting distributions. All percentages are converted to 

fractions between 0 and 1 for the calculations in this section. The subscripts, B, C, and D denote 
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which experimental group the data came from. Variables derived from the source data are 

represented by Greek characters. 

Step 1: Determine linear relationship between rtPA dose and infarct volume 

rtPA Dose Infarct Volume 

0.09 mg/kg µB = 0.636, Var(B) = 0.0484 

0.9 mg/kg µC = 0.233, Var(C) = 0.0252 

The first step is to determine the difference between the two distributions via subtraction and then 

divide the resulting distribution by the difference in rtPA dose. In this way, an ‘infarct volume per 

rtPA dose’ metric is computed. When subtracting two distributions to yield a new distribution, α, 

the mean and variance must be handled in the following way: 

     E[α] = E[B] – E[C]     Equation 6-1 

     Var[α] = Var[B] + Var[C]    Equation 6-2 

When applied to the data above, E[α] = 0.403 and Var[α] = 0.073. Next, the α distribution must 

be divided by the difference in rtPA doses (0.81 mg/kg) to establish the linear relationship. When 

dividing a distribution by a constant, K, the mean and variance must be handled in the following 

way: 

[ߚ]ܧ      =  
ఓഀ

௄
[ߚ]ݎܸܽ ,  =  

ఙഀ
మ

௄మ    Equation 6-3 

When applied to the α distribution to yield the β distribution, E[β]= 0.0498, Var[β] = 0.000081. 

Note that the divisor, K, used above was not 0.81 mg/kg, but rather 8.1 ‘100 µg/kg’ so that the 

slope of the regression line is: 4.98 ± 0.9 % infarct volume per 100 µg/kg rtPA. 

Step 2: Determine equivalent rtPA dose of sonothrombolysis treatment 
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Step 1 derived a linear relationship between infarct volume and rtPA dose. Step 2 will use this 

relation to determine the effect of sonothrombolysis treatment in terms of an equivalent rtPA dose. 

To do this, use the following data: 

rtPA Dose Sonothrombolysis? Infarct Volume 

0.09 mg/kg  No  µB = 0.636, Var(B) = 0.0484 

0.09 mg/kg  Yes  µC = 0.323, Var(C) = 0.0403 

As above, subtract the two distributions using the rules given in Equations 6-1 and 6-2 to yield a 

new distribution that reflects the difference in the distributions, γ: E[γ] = 0.313, Var[γ] = 0.0887. 

Now, take a ratio between the γ and β distributions to determine the equivalent rtPA dose of 

sonothrombolysis.  To do this, the mean and variance must be handled using the following 

equations: 

[ߜ]ܧ       =
ఓം

ఓഁ
     Equation 6-4 

[ߜ]ݎܸܽ    = ݎܸܽ ቂ
ఊ

ఉ
ቃ =  

ଵ

ఓഁ
మ [ߛ]ݎܸܽ +

ఓം
మ

ఓഁ
ర [ߚ]ݎܸܽ − 2

ఓം

ఓഁ
య ,ߛ]ݒ݋ܥ  Equation 6-5 [ߚ

When these equations are applied, assuming independence (i.e. Cov[γ,β] = 0), then the following 

is computed for δ: E[δ] = 6.291, Var[δ] = 3.081. The interpretation is that sonothrombolysis 

accounted for a reduction in infarct volumes equivalent to 6.291 ± 1.756 ‘100 µg/kg’, or stated in 

mg/kg as 0.6291 ± 0.1756 mg/kg. 

Step 3: Calculate fold dose reduction 

 Using the statistical tools described above, the fold dose reduction is computed by dividing the 

maximum dose, 0.9 mg/kg, by the effective dose required to match its level of performance when 

used with sonothrombolysis (i.e 0.9 mg/kg – 0.6291 ± 0.1756 mg/kg = 0.27 ± 0.1756 mg/kg). 

Propagating the variance as described above for a division of a distribution, this yields a new 

distribution, ε, with the following statistics: E[ε] = 3.33, Var[ε] = 4.66. 
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6.7.2 Summary of Results of Rat Ischemic Stroke Model 

Table 6-4: Information on rats included in the rat ischemic stroke study 
Rat 
Number 

Weight 
(g) 

MB Gas Volume 
(µl) 

rtPA Dose 
(mg/kg) 

Neurological Score @ 24 
hr 

Percent Infarct 
Volume 

Group A - Control 

1 410 – 0 7 65.7 

3 462 – 0 7 56.1 

20 409 – 0 7 63.9 

23 479 – 0 5 31.2 

27 500 – 0 5 97.1 

30 508 – 0 4 51.0 

33 554 – 0 5 40.5 

36 655 – 0 7 79.3 

Group B – Low Dose rtPA (0.09 mg/kg) 

6 542 – 0.09 5 50.3 

7 528 – 0.09 4 84.1 

10 535 – 0.09 6 71.3 

21 452 – 0.09 3 28.9 

28 500 – 0.09 5 72.9 

31 453 – 0.09 3 33.9 

35 620 – 0.09 5 72.7 

37 560 – 0.09 7 94.5 

Group C – High Dose rtPA (0.9 mg/kg) 

2 502 – 0.9 1 2.3 

4 445 – 0.9 5 52.7 

8 458 – 0.9 4 15.3 

9 495 – 0.9 2 7.2 

29 510 – 0.9 2 22.6 

32 523 – 0.9 4 34.2 

34 651 – 0.9 3 28.0 

38 582 – 0.9 7* 78.8* 

Group D – Low Dose rtPA (0.09 mg/kg) plus Sonothrombolysis 

15 505 80 0.09 5 68.2 

16 493 80 0.09 2 34.4 

17 503 80 0.09 2 18.8 

18 433 80 0.09 3 30.0 

19 480 80 0.09 4 52.8 

24 457 80 0.09 2 10.3 

25 486 80 0.09 7* –* 

26 435 80 0.09 2 11.3 

* Denotes outliers as detected by Pierce’s criterion 
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Chapter 7. Conclusions and Future Directions 

 7.1 Conclusions 

 This thesis presented two microbubble formulations customized for separate photoacoustic 

imaging and sonothrombolysis therapeutic applications. Together, both parts of this thesis 

demonstrate the versatility of microbubble contrast agents for imaging and therapeutic 

applications.  In Part I, the design, synthesis, and imaging performance of light-absorbing 

microbubbles was evaluated in vitro, in silico, and in vivo, as summarized in Figure 7 – 1. Two 

 
Figure 7-1: Summary schematic of findings from Part I of this dissertation 
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responses to pulsed laser excitation were identified – in response to high 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. Notably, these 

simulations results have been supported by recent empirical results of similar light-absorbing 

microbubbles,79 adding independent validation to the modelling work presented in Chapter 3.  

 In Part II, a catheter-dimensioned flow-focusing microfluidic device was designed, fabricated, 

and tested in vitro to establish feasibility of in situ microbubble production within the vasculature. 

The catheter-dimensioned device produced microbubbles at production rates and diameters that 

 
Figure 7-2: Summary schematic of findings from Part II of this dissertation 
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are expected to be suitable for eventual in vivo application. The sonothrombolysis performance of 

the microfluidically-produced microbubbles was evaluated in both in vitro and in vivo models, 

with both establishing significantly improved sonothrombolysis rates compared to representative 

controls. In particular, the potential for a 3.33 ± 2.16 fold rtPA dose reduction was demonstrated 

in the rat model of ischemic stroke, and neurological deficit scores were also significantly 

improved following sonothrombolysis treatment. A graphical summary of key findings from Part 

II of this thesis is shown in Figure 7-2. 

 

 7.2 Future Directions 

There are several future directions that may be pursued based on the results of this dissertation: 

1) In vivo imaging of high- and low-fluence AuMB photoacoustic responses: this dissertation 

established that AuMBs exhibit two responses following laser excitation, but did not 

demonstrate improved sensitivity or specificity of AuMB detection based on these modes in 

vivo. Targeted molecular imaging is a natural extension of the work presented in this 

dissertation, either in a linear array photoacoustic setting or optical-resolution photoacoustic 

microscopy. 

2) Finite element modeling of light-absorbing microbubbles of differing compositions: the 

finite element model presented in Chapter 3 of this dissertation studied only the response of 

gold nanorods attached to the microbubble shell, but other optically absorbing particles and 

molecules may be able to confer similar properties to the microbubble. In particular, 

simulating microbubble oscillations resulting from laser-heated gold nanospheres or dye-

loaded liposomes is a possible future direction. 
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3) Evaluation of sonothrombolysis in other models: the sonothrombolysis studies presented in 

Part II of this dissertation evaluated the thrombolysis of soft, RBC-rich blood clots in either 

in vitro or in vivo settings. These were appropriate models for feasibility and proof-of-

concept studies using microfluidically-produced microbubbles for sonothrombolysis, but 

RBC-rich blood clots are not representative of all clinical thrombi. While most thrombi 

responsible for DVT may be classified as RBC-rich, only approximately 30 % of thrombi 

that cause ischemic stroke are RBC-rich. Future work must evaluate the thrombolysis of 

platelet-rich blood clots, both in vitro and in vivo, to establish the limits of the techniques 

efficacy. 

4) Robust fabrication of catheter-based FFMDs: the catheter-dimensioned FFMD presented in 

Chapter 4 was fabricated from PDMS, in part due to ease and low cost of fabrication during 

the prototyping phase. Yet, PDMS does not offer a significant safety margin, as the devices 

may catastrophically fail if exposed to high gas or liquid pressures. Fabrication of the 

catheter-based device out of glass or quartz would result in a far more robust catheter, but at 

added fabrication cost and time. However, any future translational application, or even 

validation in larger animal models, must consider the material properties of the microfluidic 

substrate and select an appropriate material.   
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Chapter A1. Development of an intravascular near-infrared 

fluorescence catheter with ultrasound guidance and blood 

attenuation correction6 

A1.1 Abstract 

 Intravascular near-infrared fluorescence (NIRF) imaging offers a new approach for 

characterizing atherosclerotic plaque, but random catheter positioning within the vessel lumen 

results in variable light attenuation and can yield inaccurate measurements. We hypothesized that 

NIRF measurements could be corrected for variable light attenuation through blood by tracking 

the location of the NIRF catheter with intravascular ultrasound (IVUS). In this study, a combined 

NIRF-IVUS catheter was designed to acquire co-registered NIRF and IVUS data, an automated 

image processing algorithm was developed to measure catheter-to-vessel wall distances, and 

depth-dependent attenuation of the fluorescent signal was corrected by an analytical light 

propagation model. Performance of the catheter sensing distance correction method was evaluated 

in coronary artery phantoms and ex vivo arteries. The correction method produced NIRF estimates 

of fluorophore concentrations in coronary artery phantoms with an average RMSE of 17.5%. In 

addition, the correction method resulted in a statistically significant improvement in correlation 

                                                 
6 This chapter contains content drawn from the following peer-reviewed conference and journal publications: 
AJ Dixon and JA Hossack, “Intravascular near-infrared fluorescence catheter with ultrasound guidance and blood 

attenuation correction.” Journal of Biomedical Optics, 18(5), 056990, 2013. 
AJ Dixon, WH Guilford, JA Hossack, “Intravascular near-infrared fluorescence imaging with intravascular ultrasound 

guidance.” Diagnostic and Therapeutic Applications of Light in Cardiology, SPIE Photonics West (2013), San 
Francisco, CA, USA. 

AJ Dixon, WH Guilford, AL Klibanov, JA Hossack, “Monitoring of Ultrasound Mediated Drug Delivery with a 
Fluorescence Detection Catheter.” Image-Guided Therapy, Biomedical Engineering Society (2012), Atlanta, GA. 
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between spatially resolved NIRF measurements and known fluorophore spatial distributions in ex 

vivo arteries (from r = 0.24 to r = 0.69, p < 0.01, n = 6). This work demonstrates that catheter-to-

vessel wall distances measured from IVUS images can be employed to compensate for 

inaccuracies caused by variable intravascular NIRF sensing distances. 

A1.2 Introduction 

Acute coronary events are primarily caused by thrombogenesis following vulnerable 

atherosclerotic plaque rupture and are the leading cause of sudden cardiac death in the United 

States.248 Recent advances in intravascular imaging techniques have provided new insights into 

the mechanisms underlying the development of unstable atherosclerotic lesions, however, these 

studies have not produced systematic approaches capable of identifying high-risk plaques prior to 

rupture.249 It is increasingly probable that combined information on anatomical and physiological 

parameters is required to determine whether a specific lesion is susceptible to rupture, and several 

of these parameters may be evaluated through catheter-based intravascular imaging approaches.250-

255  

Intravascular ultrasound (IVUS) has been widely adopted by the clinical community and is 

capable of assessing tissue properties within the vessel wall through IVUS elastography251,252,256 

and virtual histology techniques.257 Optical coherence tomography (OCT) provides a resolution of 

10-15 μm, approximately five times better than 40 MHz IVUS, and can evaluate clinically 

important plaque structural features such as the thickness of fibrous caps and the presence of a 

necrotic core or lipid deposits.258 While these approaches have demonstrated potential for 

systematically characterizing the structural components of atherosclerotic plaque,259-261 they often 

fail to provide insight into physiological and biochemical processes that may be precursors to 

plaque rupture.262,263 To address this deficiency, fluorescence, photoacoustic, and spectroscopic 
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catheters have been developed to optically detect the molecular signatures of vulnerable 

plaque.34,264-269 Plaque characterization via these optical techniques relies on the detection of 

endogenous molecules within the plaque or exogenous probes that are either targeted to 

extracellular ligands or are activated by physiological processes within the vessel wall.31,34,270,271 

Both approaches enable direct monitoring of physiological function rather than anatomical 

structure, which is hypothesized to further improve the detection and specialized treatment of 

vulnerable atherosclerotic plaque.272  

Intravascular near-infrared fluorescence (NIRF) imaging has emerged as a robust approach for 

molecular imaging of atherosclerosis due to continued development of targeted imaging agents, 

high inherent detection sensitivities (nM), relatively low light attenuation through blood, and low 

background fluorescence from endogenous molecules in the vessel wall.34,266-268,273 NIRF catheters 

have been employed to study atherosclerosis in animal models and have demonstrated the capacity 

to identify regions of atheroma formation using FDA-approved exogenous fluorophores.34 

However, intravascular NIRF acquisition systems cannot acquire anatomical images of the vessel 

wall and lack a direct means of correcting for light attenuation through unknown quantities of 

luminal blood. Together, these limitations compromise the accuracy of diagnostic conclusions 

regarding the risk of vulnerable plaque and are an impediment to future clinical translation of the 

technique.   

Interpretation of NIRF measurements is complicated by the distance-dependent attenuation of 

light through blood. Catheter-to-vessel wall distances cannot be determined directly from NIRF 

measurements, but can be estimated from co-registered IVUS images if NIRF and IVUS 

capabilities are integrated into a single catheter. Precedence exists for using ultrasound ranging 

data to detect optical sensing distances,274 and while other multi-modality catheters have been 
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presented in the literature,261,275,276 none have demonstrated the capacity to acquire co-registered 

imaging data for the purposes of correcting for random catheter positioning within the vessel 

lumen.   

In this work, we describe the design of a combined NIRF-IVUS catheter for the correction of 

distance dependent attenuation of light through luminal blood. IVUS and NIRF components are 

rotated independently of one another, allowing for coincident acquisition of high frame rate IVUS 

images and long exposure NIRF measurements. Spatial registration of NIRF-IVUS data is 

achieved by image post-processing steps that map NIRF measurements to discrete sections of the 

vessel wall. Catheter-to-vessel wall distance is estimated from IVUS data and is incorporated into 

a light propagation model in order to correct NIRF measurements for variable sensing distances. 

In this study, we demonstrate the use of this instrument to correct for variable catheter sensing 

distances in coronary vessel phantoms and ex vivo porcine arteries using the exogenous 

fluorophore DiR as a NIRF imaging agent.  

A1.3 Materials and Methods 

A1.3.1 Combined NIRF-IVUS Catheter 

Light from a 750 nm CW laser (BWF1-750, B&W Tek, Newark, DE) was focused into the 

proximal end of a 200 μm diameter, 0.22 NA, multimode optical fiber (AFS200/220A, Fiberguide 

Industries, Stirling, NJ) and was reflected at a 90° angle from the fiber axis by an aluminum-coated 

microprism (NT66-768, Edmund Optics, Barrington, NJ). Fluorescence emission was collected by 

the same side-viewing optical fiber and was passed through a 770 nm dichroic mirror and a 750 

nm band-stop filter to attenuate residual 750 nm excitation light (Iridian Spectral Optics, Ottawa, 

Ontario, CA). Emission channel leakage was approximately 2-4% of excitation power and was 

caused primarily by back-reflection of excitation light from the proximal face of the optical fiber. 
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Emission light was passed through a prism-based spectrophotometer to improve detection 

sensitivity by separating fluorescence signal from residual excitation light and was detected by a 

CCD camera (C4742-95, Hamamatsu, Bridgewater, NJ). A separate photodiode monitored laser 

power in order to correct NIRF measurements for deviations in excitation power.  

A schematic of the NIRF-IVUS catheter is shown in Figure A1-1A. The NIRF optical fiber 

was bound to the sheath of a commercially available IVUS catheter and extended 1 mm beyond 

 
Figure A1-1: Experimental apparatus and NIRF/IVUS scanning geometry 
(A) Schematic of the prototype NIRF-IVUS imaging system. The IVUS element is rotated by rotation motor R1. 
The IVUS sheath and NIRF optical fiber are rotated by rotation motor R2. Optical components are abbreviated as 
follows: PD, photodiode; DM, dichroic mirror; F, filter; AP, aperture; P, prism. (B) The IVUS element rotates 
about its axis and the optical fiber is advanced to new angular sensing positions as the catheter sheath is rotated by 
rotation motor R2. 
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the single-element ultrasound transducer (Revolution 45 MHz, Volcano Corp., San Diego, CA). 

Adjustment of the NIRF field-of-view was achieved by rotating the IVUS catheter sheath in 

discrete increments with a separate rotation motor, as shown in Figure A1-1B. The position of the 

NIRF optical fiber at the time of NIRF sensing was determined by tracking the center of an acoustic 

reverberation artifact caused by the optical fiber within the IVUS field-of-view. The NIRF field-

of-view was fixed at a 30° angle relative to an imaginary line drawn between the centers of the 

IVUS and optical fiber (Figure A1-3). The IVUS element was rotated within the catheter sheath 

by a Volcano In-Vision Gold 3 imaging device. The combined NIRF-IVUS catheter had an outer 

diameter of 1.4 mm (4.2 F).   

IVUS images were captured at frame rates exceeding 30 frames per second with a 4 mm radial 

imaging depth. NIRF measurements were acquired with 50 ms exposure times with 7 mW power. 

IVUS images were downloaded to a PC from the IVUS imaging system and were processed in 

conjunction with NIRF measurements using custom algorithms written in MATLAB (Mathworks 

Inc, Natick, MA). 

A1.3.2 Analytical Light Propagation Model and Fluorescence Estimation 

A two-layer analytical model of light propagation was developed to correct NIRF 

measurements for variable sensing distances through blood. The geometry of the two-layer model 

is illustrated in Figure A1-2. Light propagation through blood was modeled by the following 

equation, which was originally derived by Twersky277,278 and has proven accurate across 

physiological ranges of hematocrit and blood oxygenation:279-281  

     dHsHdHsHd eqeePP a )1()1(
0 1   

  Equation A1-1 

where P is the transmitted power, P0 is the excitation power, μa is the absorption coefficient of 

hemoglobin, d is the propagation distance of light, H is the fractional hematocrit, and s and q are 
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constants related to scattering and detection geometry. This framework resolves the total 

attenuation from blood into two distinct parts: absorption caused by hemoglobin and light 

attenuation due to scattering. Hemoglobin-specific attenuation (μa) was calculated using the 

extinction coefficient of hemoglobin,282 and scattering is a function of H, which is known, and s 

and q, which are determined by fits to experimental data.  

Emitted fluorescence was modeled by Equation A1-2, which is derived from one-

dimensional diffusion theory by using the Eddington approximation to model fluorescence 

emission from a homogenous, semi-infinite, and turbid  medium:283  
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Equation A1-2 

 
Figure A1-2: Schematic of one-dimensional light propagation model geometry 
One-dimensional model of light propagation. Subscripts denote excitation power, P, at the beginning of each layer 
and cumulative fluorescence intensity, F, sensed by the optical fiber. Attenuation through blood is governed by 
Equation A1-1 and fluorescence emission from the vessel wall is estimated by Equation A1-2. 
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where μa,f,x is the absorption coefficient of the fluorophore, Φ is the fluorophore quantum yield, 

μeff = [3·μa·(μa+μs’)]1/2, P is the power of the excitation light incident on the vessel wall, A(λ) and 

C2(λ) are the general and particular solutions of the diffusion equation,284 μt is the total extinction 

coefficient (μt = μa + μs), and  
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In Equations A1-2 and A1-3, the subscripts x and m refer to excitation and emission wavelengths, 

respectively, and μs’ is the reduced scattering coefficient (μs’ = μs·(1-g) where g is the optical 

scattering anisotropy). Optical parameters at excitation and emission wavelengths were assumed 

to be equal in Equation A1-2. Equation A1-2 models attenuation of the excitation light, 

fluorescence conversion, and attenuation of fluorescence emission within the vessel wall. The 

fluorescence intensity sensed by the optical fiber is approximated by multiplication with a constant 

related to the acceptance angle of the optical fiber.285  

Fluorescence intensity is related to fluorophore concentration by the absorption coefficient, 

μa,f,x, and the quantum yield, Φ, such that values of μa,f,x·Φ scale linearly with changes in 

fluorophore concentration if no quenching occurs. Thus, relative fluorophore concentration within 

the vessel wall is proportional to the magnitude of μa,f,x·Φ, which can be determined using an 

inverse-estimation approach when solving Equation A1-2, assuming that all other parameters in 

Equations A1-1 and A1-2 are known. In inverse estimation, the value of μa,f,x·Φ that best fits the 

mathematical model to experimental NIRF data is determined in an iterative least-squares 

optimization process. A trust-region-reflective algorithm was used in this work. After calibration 

to known fluorophore concentrations in tissue-mimicking phantoms, estimated values of μa,f,x·Φ 

can be used to determine the concentration of unknown fluorescent samples.286  
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A1.3.3 NIRF-IVUS Phantom Studies 

Four concentrations of the fluorophore DiR (excitation: 750 nm, emission: 780 nm) were 

prepared in a tissue mimicking medium comprised of 3.5% v/v Intralipid and 0.05% v/v India Ink 

(μa = 2 cm-1, μs = 150 cm-1, g = 0.85).287 The optical parameters of the tissue-mimicking medium 

were intended to model the intimal layer of the vessel wall.288 DiR samples were placed in cuvettes 

of varying thickness and were surrounded by whole bovine blood with fractional hematocrits of 

0.40, 0.45, and 0.50. Hematocrit was measured by centrifugation of heparinized blood. Co-

registered NIRF and IVUS measurements were acquired at increasing sensing distances from the 

fluorescent samples. Sensing distances measured manually from the IVUS images were validated 

against ground-truth sensing distances provided by a calibrated motion stage.  

A1.3.4 NIRF-IVUS Catheter Validation 

A schematic of the vessel phantom is shown in Figure A1-5A. A transparent PTFE tube with 

a 3.1 mm inner diameter and 100 µm thick walls served as the vessel lumen and was filled with 

whole bovine blood with 0.40, 0.45, or 0.50 fractional hematocrit. Four borosilicate glass tubes 

filled with DiR in the tissue-mimicking medium were placed around the circumference of the 

PTFE tube to simulate discrete fluorescent targets within the phantom. Fluorophore concentrations 

were estimated for each sample of DiR from rotational NIRF-IVUS measurements acquired within 

the vessel phantom. All data is reported as mean ± standard error of the mean (SEM). Paired two-

sample t-tests were performed to determine whether the NIRF correction method produced a 

statistically significant improvement in fluorophore concentration estimation for each 

concentration tested.  
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A1.3.5 Image Processing 

The vessel wall was segmented using an active contours segmentation framework.87 IVUS 

images were preprocessed using a 2D bilateral filter289 to suppress speckle and by a Sobel operator 

to detect the edges of the vessel wall. It was assumed that there was a sufficient difference in image 

contrast between the blood-filled lumen and the vessel wall to enable robust edge detection. 

Iterative gradient vector flow (GVF) was performed on the edge-enhanced image to produce an 

external force term to guide contour evolution.290 A circular contour was initialized in the center 

of the IVUS image and iteratively evolved until a minimum energy condition was reached that 

preferentially guided the contour to the edges of the vessel wall.  

The location of the optical fiber was automatically determined through a series of thresholding 

steps that segmented the acoustic reverberation artifact caused by the optical fiber from the dark 

background of the blood-filled vessel. NIRF catheter-to-vessel wall distances were measured 

 
Figure A1-3: Schematic of IVUS image processing and vessel wall segmentation 
Image processing steps employed to measure NIRF sensing distances from IVUS data. The top path shows 
intermediate images formed to produce external energy images, Fx and Fy, for the active contours algorithm. The 
initial contour is seeded around the circumference of the null space in the IVUS image and evolves until the 
termination condition is met. The bottom path shows thresholding and morphological steps used to isolate the 
reverberation artifact caused by the optical fiber. 
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automatically by finding the intersection of the contour outlining the vessel wall and the line 

depicting the NIRF field-of-view.  

A1.3.6 Ex Vivo Artery Studies 

Ex vivo porcine carotid arteries ranging in size between 3 and 5 mm in internal diameter were 

acquired from a local abattoir. The arteries were harvested proximal to the carotid bifurcation and 

were immediately stored in a physiological saline solution at 4°C.291 DiR (100 μM) was applied 

to one section of the vessel wall to simulate a non-uniform fluorescent target within each artery. 

DiR was selected for use in this study due to its low toxicity and propensity to integrate directly 

into cell membranes without migrating from cell to cell.292 Thus, once applied to a specific region 

of the vessel, DiR does not disperse to label other sections of the vessel. Furthermore, the quantum 

yield of DiR significantly increases following incorporation into lipid bilayers, which ensures low 

background fluorescence from DiR that may have remained in solution following staining. 

Carbocyanine dyes, like DiR, have been used extensively in preclinical animal models, and DiR 

exhibits comparable fluorescence excitation and emission spectra to indocyanine green, an FDA 

approved fluorophore. 

NIRF-IVUS measurements were acquired at multiple axial positions along the length of each 

artery to simulate a catheter pull-back procedure. Following NIRF-IVUS imaging, each artery was 

cut open and laid flat on a microscope slide (en face). En face fluorescence microscopy images of 

the inner vessel wall supplied relative estimates of local fluorophore spatial distributions within 

the artery. Accurate registration of fluorescence microscopy images and NIRF-IVUS catheter 

measurements was achieved by using needles to mark axial locations where NIRF-IVUS imaging 

was performed.  
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A1.4 Results 

A1.4.1 NIRF-IVUS Phantom Studies 

Four parameters must be determined to model light attenuation through blood using Equation 

A1-1 (μa, H, s, and q). Values of μa used to model hemoglobin absorption at 750 nm (excitation) 

and 780 nm (fluorescent emission) are shown in Table A1-1 and are derived from measurements 

made by Cope et al.282 Estimates of s and q from Equation A1-1 were determined by measuring 

the transmission of 750 nm light through blood at three hematocrit levels (0.40, 0.45, and 0.50) 

and fitting the results to Equation A1-1 via least-squares optimization. In the fitting process, it was 

assumed that the value of q ranged between 0 and 0.2, as q broadly describes the fraction of 

scattered photons that are received by the NIRF optical fiber and has be previously shown to fall 

within this range.277-279,281 The value of s was allowed to assume any non-negative value, and it 

was assumed that the values of q and s did not vary within the narrow wavelength range considered 

in this work. 

  Table A1-1: Parameters for Model Fit to Equation A1-1 
Hematocrit µa,750 (cm-1) µa,780 (cm-1) H s q 

0.40 2.48 3.30 0.40 29.7 0.126 
0.45 2.77 3.71 0.45 29.7 0.126 
0.50 3.08 4.13 0.50 29.7 0.126 

 

Similarly, the transmission of 750 nm light was measured through the tissue-mimicking 

medium. Values of µa, µs
’, and g for the tissue-mimicking phantom were taken from the 

literature287  and resulted in a theoretical value of 27.6 cm-1 for μeff. The experimentally determined 

value of μeff as calculated by Beer’s Law (
deffePP  0 ) was 29.4 ± 0.87 cm-1.  

Four known concentrations of DiR in the tissue-mimicking medium were imaged with the 

NIRF-IVUS catheter through three different whole blood samples with fractional hematocrits of 
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0.40, 0.45, and 0.50. NIRF measurements were acquired at increasing sensing distances, and the 

experimental results and light propagation model fits are shown in Figure A1-4A-C (r2 = 0.92). 

NIRF sensing distances were measured manually on IVUS images and resulted in a 3.9% RMSE 

when compared to ground-truth sensing distances provided by a calibrated motion stage.  The same 

 
Figure A1-4: In vitro NIRF/IVUS measurements of DiR concentrations  
Light propagation model fits to NIRF measurements from four different concentrations of DiR imaged through 
whole bovine blood with (A) 0.40, (B) 0.45, and (C) 0.50 fractional hematocrit. The dashed line represents the 
approximate noise floor of the NIRF instrumentation. (D) Light propagation model fits to NIRF measurements of 
DiR samples of different thicknesses. (E) Calibration curve (linear fit) derived from experimental NIRF 
measurements relating model estimates of μa,f,x·Φ to known concentrations of DiR. (F) Estimated DiR 
concentration of a 10 μM sample of DiR imaged through whole bovine blood with 0.45 fractional hematocrit. 
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DiR samples were placed in cuvettes of different thicknesses and were measured from a constant 

NIRF sensing distance of 500 µm through whole blood with a fractional hematocrit of 0.45. The 

majority of the fluorescent light was generated within the first 200 µm of the sample. Experimental 

results and light propagation model fits are shown in Figure A1-4D (r2 = 0.96).  

A calibration curve showing the relationship between values of μa,f,x·Φ estimated by the light 

propagation model and DiR concentrations sensed through the three different whole blood samples 

is presented in Figure A1-4E. Values of μa,f,x·Φ scaled linearly with increasing DiR concentration 

between 0.1 μM and 10 μM (r2 = 0.91) and varied only slightly with changes in the fractional 

hematocrit (differences were not significant, p > 0.05). The calibration curve was used to map 

estimates of μa,f,x·Φ derived from raw NIRF measurements to DiR concentrations in subsequent 

vessel phantom experiments. 

An example result of the concentration estimation procedure is shown in Figure A1-4F. The 

fluorescence from a 10 µM sample of DiR was measured with the NIRF-IVUS catheter at 

increasing sensing distances through whole blood with 0.45 fractional hematocrit. Values of 

μa,f,x·Φ were derived by the light propagation model for each data point using the optical 

parameters that were previously determined. The values of μa,f,x·Φ were used to estimate DiR 

concentrations using the calibration curve in Figure A1-4E. DiR concentrations were estimated 

with an average root mean square error (RMSE) of 6.3%.  

A1.4.2 NIRF-IVUS Validation in Vessel Phantoms 

Co-registered NIRF-IVUS imaging was performed in vessel phantoms, and catheter-to-vessel 

wall distances for each NIRF acquisition were measured manually on IVUS images. The measured 

catheter-to-vessel wall distances supplied the value for d within Equation A1-1 of the light 
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propagation model, and the value of μa,f,x·Φ was calculated for each NIRF-IVUS measurement 

taken within the vessel phantom.   

NIRF sensing distances for a complete 360° acquisition in the 3.1 mm diameter vessel phantom 

are shown in Figure A1-5B. The average NIRF sensing distance for the single trial presented in 

Figure A1-5B was 540 μm with a minimum and maximum of 305 μm and 785 μm, respectively. 

Minimum and maximum NIRF sensing distances for all trials performed were 220 μm and 1210 

μm. Raw fluorescence intensities and estimated fluorophore concentrations for the same 360° 

 
Figure A1-5: In vitro NIRF/IVUS measurements of DiR concentrations in vessel phantoms  
(A) Axial schematic of the vessel phantom. Whole bovine blood was placed within the 3.1 mm diameter lumen 
and four different concentrations of DiR were placed in tubes surrounding the vessel lumen. (B) NIRF sensing 
distances as measured manually on IVUS images for a single 360° acquisition within a vessel phantom. (C) Raw 
fluorescence intensities and estimates of DiR concentration for each fluorescent target within the vessel phantom 
for the same 360° NIRF-IVUS acquisition presented in (B). (D) Estimated concentrations of fluorescent targets 
within the vessel phantom at three different blood hematocrits. The NIRF correction method resulted in a 
statistically significant improvement in fluorophore concentration estimates for each concentration tested (p < 
0.05). 
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acquisition are presented in Figure A1-5C. Each fluorescent target produced a fluorescence 

intensity peak with a full-width-half-maximum of approximately 50 degrees.  

A comparison between estimated and known concentrations for each DiR sample within the 

vessel phantom is presented in Figure A1-5D. RMSE for concentration estimates derived by the 

light propagation model were 16.5%, 17.0%, 19.0%, and 45.4% for the 100 µM, 10 µM, 1 µM, 

and 0.1 µM DiR samples, respectively. These RMSE values are compiled from all measurements 

taken through whole blood with hematocrits of 0.40, 0.45, and 0.50. Differences in RMSE between 

the three different hematocrit values were not statistically significant (p > 0.05), demonstrating the 

ability of the model to correct for variable catheter sensing distances through whole blood with 

varying hematocrit. Measurements of the 0.1 μM DiR sample were obscured by sensitivity limits 

of the NIRF instrumentation and were excluded from further analysis.  

In addition, DiR concentration estimates were made using raw fluorescence intensities by 

normalizing each uncorrected NIRF measurement to the average fluorescence intensity of the 10 

µM DiR sample. RMSE for these concentration estimates with no corrections were 92%, 41.6%, 

138%, and 272% for the 100 µM, 10 µM, 1 µM, and 0.1 µM DiR samples, respectively. These 

large and unpredictable errors are the result of random sensing distances within the vessel 

phantom, which significantly limits the usefulness of conclusions drawn from uncorrected NIRF 

measurements.  

A1.4.3 Fluorescence Estimation in Ex Vivo Arteries 

Ex vivo arteries were stained with DiR and underwent NIRF-IVUS imaging. Representative 

results of the automated image processing algorithm are shown in Figure A1-6A. The outline of 

the vessel wall was generated using an active contours segmentation algorithm and the position of 

the NIRF optical fiber was determined by tracking its acoustic reverberation artifact. A comparison 
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of manually and automatically measured NIRF sensing distances is shown in Figure A1-6B for a 

single 360° NIRF-IVUS acquisition. Average RMSE between manual and automated 

measurements was 8.2%, suggesting that the proposed NIRF correction can be performed 

automatically with minimal user interaction.  

 

 
Figure A1-6: Ex vivo NIRF/IVUS measurements of DiR concentrations in excised porcine vessels 
(A) IVUS image of an ex vivo porcine carotid artery with co-registered NIRF overlay. The NIRF optical fiber 
caused an acoustic reverberation artifact marked by the white arrow. The white double-headed arrow shows 
the NIRF sensing distance, d. Colorbar corresponds to normalized relative fluorescence sensed by NIRF 
catheter. (B) Comparison between manual and automatic measurement of NIRF sensing distances for a single 
360° NIRF-IVUS acquisition. (C & D) (Top) Two rows, i and ii, of fluorescence microscopy images of an ex 
vivo artery stained with DiR (scale bar = 1 mm). (Bottom) Relative fluorescence intensities measured from 
fluorescence microscopy and NIRF across rows i and ii.  
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Co-registered NIRF-IVUS data was acquired from two ex vivo arteries with inner diameters of 

3.9 mm and 4.3 mm. NIRF-IVUS acquisitions were captured at different axial locations along the 

length of each artery to simulate a pullback procedure. Representative fluorescence microscopy 

results for two locations in the 3.9 mm artery, i and ii, are shown in Figure A1-6C,D. Robust DiR 

staining was localized to approximately one-third of the vessel circumference at depths up to 50 

μm, as determined by confocal microscopy. Accordingly, optical parameters of the intima were 

used to model the vessel wall in the light propagation model (µa = 2 cm-1, µs = 150 cm-1, g = 

0.84).288  

Figure A1-6C,D shows relative DiR concentrations derived from fluorescence microscopy, 

uncorrected NIRF, and corrected NIRF measurements for axial locations i and ii. Spatial 

correlation coefficients between fluorescence microscopy and NIRF estimates of DiR spatial 

distributions improved from 0.34 to 0.66 for location i and from 0.13 to 0.73 for location ii 

following correction of the NIRF measurements.  

Spatial correlation between NIRF and fluorescence microscopy results was assessed for all 

artery locations examined by the NIRF-IVUS catheter (n = 6). Correlation coefficients were 

transformed into a new variable, the Fisher Z value, in order to calculate average correlation 

coefficients and 95% confidence intervals for uncorrected and corrected NIRF measurements.243 

The average correlation coefficient between uncorrected NIRF and fluorescence microscopy 

measurements was 0.24 with a 95% confidence interval between 0.19 and 0.30. The average 

correlation coefficient between corrected NIRF and fluorescence microscopy measurements was 

0.69 with a 95% confidence interval between 0.67 and 0.72. These results demonstrate that 

correcting NIRF measurements for variable catheter-to-vessel wall sensing distances resulted in a 
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statistically significant improvement (p < 0.01, n = 6) in the correlation between NIRF-IVUS and 

fluorescence microscopy estimates of local fluorescence intensities in ex vivo arteries.   

A1.5 Discussion 

A combined NIRF-IVUS catheter was developed to provide intravascular anatomical and 

molecular imaging of the vessel wall and to determine whether correcting for variable catheter-to-

vessel wall sensing distances could improve the accuracy of NIRF measurements. As expected, 

NIRF imaging sensitivity decreased with increasing blood hematocrit, with maximal sensing 

distances of the 0.1 µm DiR sample of 1.2 mm and 0.9 mm at hematocrits of 0.40 and 0.50, 

respectively. Blood attenuation correction of NIRF measurements acquired beyond these 

sensitivity limits could not recover accurate fluorophore concentration estimates. This sensitivity 

is in good agreement with other NIRF imaging catheters described in the literature,34,266,267,293 but 

it should be noted that detection sensitivity is also modulated by varying optical properties of the 

vessel wall tissue, which was not explored in this work.   

The least-squares optimization routine used to fit experimental data to Equations A1-1 and A1-

2 resulted in a good fit to experimental data (r2 = 0.92), but because the system is over-determined, 

the solution used in this work is not unique. However, the solution provided an accurate fit to blood 

attenuation across three hematocrit levels and enabled accurate blood attenuation correction in the 

phantom studies. An advantage of the analytical light propagation model over Monte Carlo based 

approaches is that the analytical model can estimate relative fluorophore concentrations from 

NIRF data in real-time during a catheterization procedure. While a Monte Carlo formulation may 

improve the accuracy of light attenuation estimates, it is not capable of producing real-time results 

on the standard computer hardware typically employed within catheterization laboratories.  
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Model-based correction of NIRF concentration estimates in vessel phantoms reduced average 

RMSE from 90.5% to 17.5%, comparing well to the results of other analytical models cited in the 

literature. Diffusion models of light propagation have demonstrated average RMSE between 5 and 

25% when measuring fluorescence from tissue-mimicking phantoms,283,286,294 and a similar one-

dimensional formulation demonstrated less than 10% RMSE when assessing fluorescence from 

epithelial and stromal tissues within the human cervix.285  A limitation of these approaches is the 

reliance on a priori knowledge of the optical properties of the tissues being studied. The 

attenuation of whole blood can be measured prior to an imaging procedure, but the optical 

properties of the vessel wall cannot. Nevertheless, significant effort has been devoted to modeling 

the optical characteristics of both whole blood and atherosclerotic lesions.288,295-297 Furthermore, a 

variety of techniques for quantitatively measuring fluorophore concentrations with and without a 

priori knowledge of tissue optical properties have been developed for non-catheter based 

applications,298-305 however, it remains to be seen whether these methods are compatible with 

intravascular imaging through blood and whether they can be integrated into the small form factor 

of a catheter.  

As demonstrated in Figure A1-6, the model-based corrections resulted in a statistically 

significant improvement in fluorophore spatial distribution estimates in ex vivo arteries when 

compared to relative fluorescence as measured by fluorescence microscopy. While fluorescence 

microscopy does not provide a quantitative measure of local fluorophore concentration, it does 

provide an independent measure of relative fluorescence that is unaffected by attenuation of 

intraluminal blood. The accuracy of the model-based correction technique relies upon accurate 

catheter-to-vessel wall distance measurements derived from IVUS images, which exhibited a 3.9% 

RMSE in phantom studies, but were greater in the ex vivo studies due to inferior delineation of the 
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soft vessel wall. This source of measurement error and possible variation in the optical properties 

of the vessel wall could be limiting factors that reduced the correlation between the two measures 

of relative fluorescence. Nevertheless, the model-based blood attenuation correction approach 

improved the correlation of NIRF measurements to fluorescence microscopy in all samples tested. 

Temporary vessel occlusion followed by saline flushes or deflection of the catheter towards 

the vessel wall during NIRF sensing may also improve the accuracy of NIRF measurements, but 

neither of these approaches are complete solutions.275,306 Saline flushes are not appropriate for 

patients who are sensitive to increases in blood volume, and precise control of the catheter tip is 

difficult to achieve in vivo. The approach demonstrated here is not constrained by these limitations 

and enables new capabilities. First, independent rotation of the IVUS and NIRF elements enables 

different IVUS and NIRF acquisition speeds. Conventional IVUS catheters are rotated in excess 

of 1500 rotations per minute to enable real-time imaging and to reduce non-uniform rotational 

distortion,307 but NIRF sensing requires longer, variable exposure times to optimize fluorescence 

signal-to-noise ratios.298 Second, this method of NIRF-IVUS integration does not require 

significant modifications to existing IVUS instrumentation and can be made more robust through 

the use of a double lumen catheter.  

A1.6 Conclusions 

A combined NIRF-IVUS catheter was developed to acquire co-registered molecular and 

anatomic images of the vessel wall. NIRF-IVUS measurements were corrected for inaccuracies 

caused by variable catheter-to-vessel wall distances through the use of a light propagation model. 

The NIRF correction method resulted in an average RMSE of 17.5% when estimating known 

fluorophore concentrations in vessel phantoms compared to an average RMSE of 90.5% without 

correction. Furthermore, the NIRF correction method resulted in a statistically significant 
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improvement in correlation between spatially resolved NIRF measurements and known 

fluorophore distributions in ex vivo arteries (p < 0.01, n = 6). Future studies are required to 

determine whether such corrections will enable semi-quantitative assessment of exogenous NIRF 

fluorophores targeted to biomarkers associated with atherosclerosis and whether such techniques 

can inform clinical treatment decisions or aid in the study of disease progression in preclinical 

models.  
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Chapter A2. Acoustic activation of phase change perfluorocarbon 

droplets containing solid mesoporous silica nanoparticles within their 

liquid cores7 

A2.1 Abstract 

 Phase change contrast agents (PCCAs) are fluorocarbon liquid droplets that convert into 

microbubbles when exposed to high acoustic pressures. Given their small size, PCCAs can exit 

leaky blood vessels and provide exogenous contrast outside of the vascular system, thereby 

circumventing one of the primary limitations of microbubbles. However, a limitation of PCCAs is 

the high acoustic pressure required for conversion to gaseous phase, which may restrict their use 

as a diagnostic imaging agent. The incorporation of solid nanoparticles into the liquid 

perfluorocarbon phase has been suggested as a means to reduce the pressures required to convert 

PCCAs, however, this has not been confirmed through rigorous empirical observation. In this 

work, we sought to determine whether the presence of solid nanoparticles contained within the 

liquid perfluorocarbon core of PCCAs effects the pressure required for acoustic conversion into a 

gaseous microbubble. Fluorinated mesoporous silica nanoparticles (FMSNs, diameter = 14 nm) 

were confirmed to be within the perfluoropentane droplet core by TEM imaging, and acoustic 

activation of individual droplets was monitored via high speed cinematography. Of the 50 control 

droplets studied, 2 droplets converted at a peak negative pressure of 12.89 MPa, and of the 46 DFP 

droplets containing FMSNs, 2 droplets converted at 7.3 MPa and one converted at 10.5 MPa. Thus, 

                                                 
7 The content in this chapter appears in the following peer-reviewed conference publications: 
AJ Dixon, E Lu, V Chang, JA Hossack, “Synthesis and acoustic conversion of perfluorocarbon nanodroplets 

containing solid nanoparticles within their liquid cores.” International Ultrasonics Symposium (2016), Tours, 
France. 
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in this study, there was no statistical difference in acoustic activation of perfluoropentane droplets 

with FMSNs within their cores.  

A2.2 Introduction 

     Phase change contrast agents (PCCAs) are comprised of a perfluorocarbon liquid core 

surrounded by a lipid, protein, or polymer shell material. These agents have been fabricated by 

sonication, agitation, microfluidic devices, and condensation of gaseous microbubbles, which 

result in droplets with diameters between 0.2 – 5 µm.308-311 Droplets with diameters less than 

approximate 400 nm may extravasate from leaky tumor vasculature, thereby presenting the 

opportunity for tumor-specific therapy or targeted molecular imaging. In response to high peak-

negative pressures, the liquid perfluorocarbon core undergoes a phase transition from a liquid 

droplet to a gaseous bubble.312 This phase conversion event emits a strong acoustic wave from the 

droplet that can be detected by an ultrasound imaging system for the purposes of localized contrast 

enhancement or targeted molecular imaging. However, the use of PCCAs for diagnostic or 

molecular imaging applications is limited by the high acoustic pressures required for phase 

conversion. Multiple studies have demonstrated that peak negative pressures in excess of 10 MPa 

are required to convert the smallest PCCAs, resulting in mechanical index (MI) values 

significantly higher that current regulatory limits.310,313  

     Therefore, reducing the pressure required for pressure-mediated phase conversion is of 

significant academic interest. Sheeran et al investigated the effects of mixing perfluorocarbon 

chains of different lengths (e.g. octofluoropropane, decafluorobutane, dodecafluoropentane) on 

phase conversion pressures and determined that increasing concentrations of shorter chain 

perfluorocarbons significantly reduced the pressure required for conversion, but that the MI was 

still above regulatory limits.310 Using a different approach, Lee et al investigated the effects of 
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solid nanoparticles contained within the perfluorocarbon core on acoustic conversion.314 Bulk 

measurements suggested that the presence of iron-oxide nanoparticles within the perfluorocarbon 

core reduced the pressure required for acoustic conversion, but the effect was not investigated on 

a per-droplet basis. The central hypothesis is that the presence of solid nanoparticles within the 

liquid lowers the acoustic energy required for phase conversion by converting the process from a 

homogeneous to a heterogenous nucleation process.82,83,315,316 In addition, interactions between 

droplets are known to influence their conversion properties, and more studies are required to 

investigate single versus group droplet conversion dynamics.317   

     In this work, we investigated the acoustic conversion properties of perfluoropentane droplets 

that contained fluorinated mesoporous silica nanoparticles (FMSNs) within the liquid 

perfluorocarbon core. The large surface area of the mesoporous silica nanoparticles was 

hypothesized to serve as an effective gas nucleation site to promote cavitation via heterogeneous 

nucleation, thus lowering the acoustic pressure required to convert DFP droplets into 

microbubbles.318 The phase conversion efficiency of this PCCA formulation in response to 

acoustic pressures was evaluated on a single-droplet basis using a high speed camera to capture 

the droplet-bubble dynamics immediately following conversion. 

A2.3 Materials and Methods 

A2.3.1 Preparation of Fluorinated Mesoporous Silica Nanoparticles 

 To prepare FMSNs, 0.3 g of mesoporous silica nanoparticles (SiOx, 99.5+%, P-type, 15-20 

nm, amorphous, US Research Nanomaterials, Inc.) were dispersed in 10 mL Milli-Q H2O and 

sonicated in a bath sonicator for an hour. 100 μL of this stock solution was then resuspended in 10 

mL Milli-Q H2O in a 25 mL Pyrex jar with a stir bar, and sonicated in the bath sonicator for another 

hour. A water bath was heated to approximately 55° C and the suspension of dispersed mesoporous 
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silica nanoparticles (SNPs) were placed in the bath for 20 minutes to allow for temperature 

equilibration. 188 μL of 1H,1H,2H,2H-perfluorooctyltriethoxysilane (PFOTS, Sigma, 97%) was 

added dropwise to the Pyrex jar and the mixture was allowed to react overnight, with the stir bar 

spinning at around 300 RPM.319 The nanoparticles were then washed via centrifugation twice in 

water and twice in perfluorohexane. Anhydrous calcium sulfate was used to remove trace amounts 

of water after washing. Finally, the FMSNs were resuspended in perfluoropentane. This final re-

suspension step could also have been completed in any perfluorocarbon of choice. 

A2.3.2 Preparation of Perfluorocarbon Nanodroplets with Fluorinated Silica Nanoparticles  

      2 mL lipid (4 mg/ml, 9:1 mole ratio 1,2-Distearoyl-sn-glycero-3-phosphocholine: 1,2-

distearoyl-sn-glycero- 3-phosphoethanol-amine -N-[amino(polyethylene glycol)-2000]) and 100 

μL FMSN-perfluoropentane suspension were sonicated on ice for 5 minutes using a tip sonicator 

and washed via centrifugation in saline to remove any impurities and excess lipid. The droplets 

 
Figure A2-1: Schematic of synthesis of perfluorocarbon droplets with FMSNs in their core 
The surface of mesoporous silica nanoparticles was fluorinated by overnight incubation with PFOTS in acidic 
conditions. The resulting particles were washed and resuspended in perfluoropentane for long-term storage. 
On the day of experimentation, perfluoropentane containing FMSNs was added to an aqueous solution with 
lipid surfactant and tip sonicated to form perfluorocarbon nanodroplets.  
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were kept at 4°C until experiments were performed. The general synthesis method is outlined in 

Figure A2-1. 

A2.3.3. PCCA Acoustic Conversion Apparatus  

 Acoustic conversion of the droplets was completed using a setup as shown in Figure A2-2. The 

droplets were first diluted and passed through a 200 µm diameter cellulose tube (Spectrum Labs, 

Rancho Dominguez, CA). Then, the focus of a high-pressure ultrasound transducer (7.5 MHz, 

SonicConcepts, Bothell, WA) was aligned with the center of the field of view of a high-speed 

camera. Acoustic conversion was studied using 5 cycle pulses at 7.5 MHz and increasing peak-

negative-pressures, from 2.7 to 12 MPa. The high-speed camera was used to visualize the droplet 

conversions. The acoustic conversion was studied for control droplets that did not contain FMSNs 

and droplets that did contain FMSNs. Video sequences were taken of the droplet during this 

 
Figure A2-2: Schematic of experimental apparatus used to observe droplet phase conversion 
Perfluorocarbon droplets were placed in a 200 µm diameter cellulose tube that was housed in a water bath. 
The focus of a high-intensity ultrasound and a 100X water-immersion objective were co-aligned using a 
needle-tip hydrophone to confirm co-alignment of the foci. Individual droplet conversion events were 
observed using high speed microscopy. 
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process, and ImageJ was used on component image frames to determine the diameter of droplets 

and microbubbles pre and post conversion, respectively. 

A2.4 Results 

A2.4.1 Verification of Nanoparticle Fluorination 

     A qualitative verification test was performed in order to ensure fluorination of the silica 

nanoparticles. For this test, the fluorinated and non-fluorinated mesoporous silica nanoparticles 

were suspended in three tubes. The first tube contained plain deionized water and no nanoparticles, 

the second tube contained a perfluorohexane phase and a separate deionized water phase 

(containing blue food coloring) with non-fluorinated nanoparticles suspended, and the third tube 

contained the same conditions as the second, but using fluorinated nanoparticles. Given their 

hydrophilic surface, the non-fluorinated silica nanoparticles in the second tube were observed only 

in the aqueous phase. However, the fluorinated silica nanoparticles were observed in the 

perfluorohexane phase, indicating at least partial fluorination of their surface. Figure A2-3 shows 

the results of this verification.  

 
Figure A2-3: Qualitative confirmation of silica nanoparticle fluorination 
 (A) Plain deionized water. (B) Perfluorohexane (bottom) with unfluorinated nanoparticles in aqueous phase 
(top). (C) Perfluorohexane (bottom) with fluorinated nanoparticles and deionized water (top). 
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A2.4.2 Verification of FMSN incorporation into PCCAs 

     After the creation of the droplets, transmission electron microscopy (TEM) was used to confirm 

that nanoparticles had been successfully loaded within the droplets. TEM was necessary since the 

silica nanoparticles were 15-20 nm in size, thus making it impossible to visualize using normal 

optical microscopy. Multiple images were taken of three conditions. The first condition was plain, 

non-fluorinated silica nanoparticles. These plain silica nanoparticles tended to aggregate together 

and form large clusters. The second condition was plain perfluoropentane droplets without silica 

nanoparticles, to serve as a negative control. Finally, the third condition was perfluoropentane 

droplets synthesized with fluorinated nanoparticles. Black solid structures within the droplets of 

the third condition confirmed successful fluorination and cohabitation within a perfluorocarbon 

droplet. A total of 22 droplets containing FMSNs and 27 droplets without FMSNs were imaged 

using TEM. Droplets containing FMSNs had an average diameter of 723.6 ± 416.3 nm while 

droplets without FMSNs had an average diameter of 452.2 ± 333.3 nm. All droplets synthesized 

with FMSNs contained FMSNs within their core, although they were present as aggregates in the 

TEM images. It is unclear if they were aggregated prior to preparation for TEM or if they were 

 
Figure A2-4: TEM imaging of perfluorocarbon droplets and FMSNs 
(Left) DFP droplet containing FMSNs. (Center) DFP droplets with aggregated FMSNs. (Right) Control DFP 
droplets made without any FMSNs.  Scale bar is 0.2 µm in (Left), 1.0 µm in (Center), and 0.2 µm in (Right).   
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associated with the lipid membrane or freely dispersed within the droplet core. Figure A2- 4 shows 

representative results of the TEM imaging. 

A2.4.3 Acoustic Conversion of Perfluorocarbon Droplets 

     Droplets were converted using the setup as shown in Figure A2-2. 50 perfluoropentane droplets 

without FMSNs were studied to serve as a control, while 46 perfluoropentane droplets containing 

FMSNs were studied to determine if the presence of solid nanoparticles effected the pressure 

required for acoustic conversion. All droplets were fabricated on the day of experimentation, and 

all experiments were performed at 25 C. All droplets studied were between 700 and 1300 nm in 

diameter. Of the 50 control droplets, 2 droplets converted at a peak negative pressure of 12.89 MPa 

(MI = 4.7). Of the 46 DFP droplets containing FMSNs, 2 droplets converted at a peak negative 

pressure of 7.3 MPa (MI = 2.7) and one converted at a peak negative pressure of 10.5 MPa (MI = 

3.8). In total, 5% of droplets without FMSNs and 6.5% of droplets with FMSNs converted at the 

peak negative pressures tested. Using a Student’s unpaired t-test, a p-value of 0.4943 was 

Figure A2-5: High speed camera results of acoustic droplet conversion 
(A) Droplets with FMSNs converted in 36o C ambient temperature. Each image is 100 nanoseconds apart. The 
acoustic pulse used 100 cycles and corresponded to a peak negative pressure of 10 MPa. (B) Droplets with FMSNs 
converted in 36° C ambient temperature. Each image is 100 nanoseconds apart and correlates to 10 MPa. Scale bar 
in each image is 20 µm. 
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calculated, failing to reject the null hypothesis. Droplet conversions were captured using a high-

speed camera. Images from this conversion can be seen in Figure A2-5.   

A2.5 Discussion and Conclusions 

 The surface of mesoporous silica nanoparticles was successfully fluorinated to yield FMSNs, 

and FMSN incorporation into PCCAs was validated via transmission electron microscopy. Acoustic 

conversion was evaluated using high MI ultrasound excitations of 5 cycles at 7.5 MHz. 5% of the 

PCCAs without FMSNs converted into gaseous bubbles, while 6.5% of PCCAs with FMSNs 

converted. This result is not statistically significant and implies that the incorporation of 10 – 20 

nm diameter FMSNs into the droplet core does not appreciably influence the acoustic conversion 

pressure of the PCCAs studied in this work.  

     Notably, the acoustic conversion efficiencies were low for this droplet formulation. Fewer than 

10% of the droplets studied converted into microbubbles, even when exposed to peak negative 

pressures of up to 12 MPa (MI = 4.4). A lack of droplet conversion events limited the ability to 

analyze the results, and significantly more droplets would have to be studied to draw firm 

conclusions.  

     Droplets with decafluorobutane cores are expected to convert in greater numbers and may 

provide more conversion events in a similarly sized study. This is a future direction that may be 

explored to determine the effects of solid nanoparticle incorporation into PCCAs on the acoustic 

conversion efficiency. 
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Chapter A.3 PZFlex and MATLAB Code for AuMB Oscillation 

Simulations 

The code in the box below simulates the thermal response of a single AuNR of 35 nm × 10 nm 

dimensions placed 10 nm from the liquid/gas interface of the microbubble.  

Simulation Code A3.1: PZFlex Simulation Code for AuNR near Gas/Liquid Interface 
 
c PZFlex Simulation for AuNR near gas/liquid interface 
c Author: Adam Dixon 
c Date: 9 Sept 2014 
 
c Specify simulation memory usage 
mem 4800 
mp omp 12 
 
c Setup model geometry and simulation parameters 
symb xdim = 200.e-9 /* half of model X extents, [-200, 200] nm 
symb ydim = 200.e-9 /* model Y extents, [0, 200] nm 
symb zdim = 200.e-9 /* model Z extents, [0, 200] nm 
symb simulation_time = 20e-9 /* Simulation time, 20 ns 
symb airExtent = 200.e-9 /* extent of gas core to simulate, 200 nm 
symb numexec = 5 /* number of timesteps to execute between data dumps 
symb freqdamp = 1.e6  
 
 
c --------------------------------------------------------------------  
c   Step 1: Define Model Geometry Size  
c --------------------------------------------------------------------  
symb x1 = - $xdim 
symb x7 = $xdim 
symb y1 = 0 
symb y3 = $ydim 
symb z1 = 0 
symb z3 = $zdim 
 
c dx, dy, dz are grid size.  
symb dx = 0.5e-9 /* note: multiple dx allows sparser regions of model 
symb dx2 = 0.5e-9 /* this is not always implemented 
symb dx3 = 0.5e-9 
symb dy = $dx 
symb dy2 = $dx2 
symb dz = $dx 
symb dz2 = $dx2 
 
symb fineMesh = 70.e-9 
symb fineMeshY = 25.e-9 
symb fineMeshZ = 15.e-9 
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c Convert spatial extents (x,y,z) to model block (i,j,k) 
symb i1 = 1 /* start of boundary 
symb i2 = $i1 + 160.e-9 / $dx3 /*160 in gas 
symb x2 = $x1 + 160.e-9 
symb i3 = $i2 + 30.e-9 / $dx2 /*30 in gas 
symb x3 = $x2 + 30.e-9 
symb i4 = $i3 + 10.e-9 / $dx /*10 in gas 
symb x4 = $x3 + 10.e-9 
symb i5 = $i4 + 80.e-9 / $dx /* 80 in water 
symb x5 = $x4 + 80.e-9 
symb i6 = $i5 + 40.e-9 / $dx2 /* 40 in water 
symb x6 = $x5 + 40.e-9 
symb i7 = $i6 + 80.e-9 / $dx3 /* 80 in water 
 
symb j1 = 1 
symb j2 = $j1 + $fineMeshY / $dy 
symb y2 = $y1 + $fineMeshY 
symb j3 = $j2 + ( $y3 - $fineMeshY ) / $dy2 
 
symb k1 = 1 
symb k2 = $k1 + $fineMeshZ / $dz 
symb z2 = $z1 + $fineMeshZ 
symb k3 = $k2 + ( $z3 - $fineMeshZ ) / $dz2 
 
symb indgrd = $i7 
symb jndgrd = $j3 
symb kndgrd = $k3 
 
c Set number of grid nodes in i,j,k 
grid $indgrd $jndgrd $kndgrd     /*     
  
c Set model geometry 
geom  
    xcrd $x1 $x2 $i1 $i2 
    xcrd $x2 $x3 $i2 $i3 
    xcrd $x3 $x4 $i3 $i4 
    xcrd $x4 $x5 $i4 $i5  
    xcrd $x5 $x6 $i5 $i6 
    xcrd $x6 $x7 $i6 $i7   
  
    ycrd $y1 $y2 $j1 $j2 
    ycrd $y2 $y3 $j2 $j3 
  
    zcrd $z1 $z2 $k1 $k2 
    zcrd $z2 $z3 $k2 $k3 
    end  
 
symb #read gnr_temp_infn.tabl 
 
c -------------------------------------------------------------------------  
c   Step 2: Define material properties  
c -------------------------------------------------------------------------  
  
matr  
c -------------------------------------------------------------------------  
c    water   
c -------------------------------------------------------------------------  
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 type elas  
 wvsp off   
 symb xdens_water  = 1000. /* kg/m^3  
 symb c_water = 1480.  
 symb xvbulk_water = $c_water * $c_water * $xdens_water  
 symb xvshear_water = 0.  
 symb hourglas = 0.01  
 symb damplin = 0.  
 symb dampquad = 0.  
 symb bovera = 5.   
 prop watr $xdens_water $xvbulk_water $xvshear_water $hourglas $damplin 
$dampquad   
 nwtn watr * 1.0e-3 /* Pa*s viscosity of water   
 thex watr 4.e-4  
      thrm watr tabl tabl /* load temp varying thermal props from file 
 
c -------------------------------------------------------------------------  
c    DFB : room temp, decafluorobutane  
c -------------------------------------------------------------------------  
 type elas  
 wvsp on  
 symb hourglas = 0.00  
 symb damplin = 0.   
 symb dampquad = 0.   
 /* Chomas dissertation, pg 17. for density of DFB 
 /* "Velocity of sound measurements in gaseous perfluorocarbon and their 
custom mixtures (108 m/s) V. Vacek, G Hallewell S Lindsay 
 prop dfb 11.2 108. 0. $hourglas $damplin $dampquad   
      thex dfb 3.4e-3    
 thrm dfb tabl tabl /*Liessmann, 1995, Data Compilation of the 
Saechsische Olefinwerke Boehlen, Germany. Loaded from a file into model. 
      nwtn dfb * 1.81e-5  /* Pa*s viscosity of gas, generic  
c ------------------------------------------------------------------------- 
c    gold : Gold , generic   Kino 
c ------------------------------------------------------------------------- 
     type elas 
     wvsp on 
     prop gold 19700. 3240. 1200.    
     vdmp gold $freqdamp db .4  1.2  1000000. 1. 0.01 
     thex gold 14.4e-6 
     thrm gold tabl tabl /* load temp varying thermal props from file 
   
c -------------------------------------------------------------------------  
c    intr: water thermal interface, same as water  
c -------------------------------------------------------------------------  
 type elas  
 wvsp off   
 symb xdens_water  = 1000. /* kg/m^3  
 symb c_water = 1480.  
 symb xvbulk_water = $c_water * $c_water * $xdens_water  
 symb xvshear_water = 0.  
 symb hourglas = 0.01  
 symb damplin = 0.  
 symb dampquad = 0.  
 symb bovera = 5.   
 prop intr $xdens_water $xvbulk_water $xvshear_water $hourglas $damplin 
$dampquad   
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 nwtn intr * 1.0e-3 /* Pa*s viscosity of water   
 thex intr 4.e-4  
 thrm intr tabl tabl /* load temp varying thermal props from file 
 end  
  
 
c -------------------------------------------------------------------------  
c   Step 3: Map materials to I,J,K locations  
c -------------------------------------------------------------------------  
symb spec_heat_cap = 132.  
 
symb airExtentI = $airExtent / $dx 
symb airExtentIIR = $airExtentI + 1 
symb distanceNR = 10.e-9 if noexist /*denotes distance of NR to air interface 
symb distanceNRI = $airExtentI + $distanceNR / $dx 
symb radiusNR = 5.e-9 /*denotes NR radius 
symb radiusNRI = $radiusNR / $dx 
symb radiusNRIR = $radiusNR + $dx 
symb widthNR = 35.e-9 /*denotes NR length 
symb widthNR2 = ( $widthNR / 2 - $radiusNR )  
symb widthNR2I = ( $widthNR / 2 - $radiusNR ) / $dx 
symb edge1NR = $x1 + $airExtent + $distanceNR  
symb edge2NR = $edge1NR + 2 * $radiusNR + $dx 
 
symb center = ( $x1 + $airExtent + $distanceNR + $radiusNR ) 
symb centerI = ( $x1 + $airExtent + $distanceNR + $radiusNR ) / $dx 
 
symb edge1NRI = $edge1NR / $dx 
symb edge2NRI = $edge2NR / $dx 
 
symb edge1NRIg = $edge1NR / $dx + 1 
symb edge2NRIg = $edge2NR / $dx - 1 
 
symb plotWaterLeft = (  $distanceNR ) / $dx - 1 
symb plotWaterRight = ( $distanceNR + 2 * $radiusNR ) / $dx + 1 + 1 
symb plotNP = ( $distanceNR + $radiusNR ) / $dx + 1 
 
symb xAir = $x1 + $airExtent 
site    
 regn watr     /* Whole Grid is water  
 blok dfb $x1 $xAir $y1 $y3 $z1 $z3 
 cyln intr Y -$widthNR2 $widthNR2 0 $center $radiusNRIR $radiusNRIR 
 sphr intr $center $widthNR2 0 $radiusNRIR  
 sphr intr $center -$widthNR2 0 $radiusNRIR 
 cyln gold Y -$widthNR2 $widthNR2 0 $center $radiusNR $radiusNR 
 sphr gold $center $widthNR2 0 $radiusNR  
 sphr gold $center -$widthNR2 0 $radiusNR 
    end  
 
symb dzPlot = 1 * $dx 
symb X1 = $x1 + $airExtent + $fineMesh - 50.e-9 
symb X2 = $x1 + $airExtent + $fineMesh + 50.e-9 
 
c Graph to make sure model geometry looks okay. 
grph  
  nvew 2 2 
  eye 0.000 0.000001 1  
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  mirr y on 
  mirr z on 
  wndo elem $x2 $x6 -$y2 $y2 -$z3 $dzPlot 
  line yes 
  plot matr 
  eye 1 1 1 
  mirr y on 
  mirr z on 
   wndo elem $x1 $x7 -$y3 $dzPlot -$z3 $z3 
  plot matr   
  end  
 
grph  
  nvew 1 
  eye 0.000 0.000001 1  
  mirr y on 
  mirr z on 
  wndo elem $x2 $x6 -$y2 $y2 -$z3 $dzPlot 
  line yes 
  plot matr 
  end  
term 
 
c ------------------------------------------------------------------------- 
c   Step 4: Turn off mechanical coupling & turn on thermal solver 
c -------------------------------------------------------------------------   
 
heat  
c slvr drct 0.5  /* other solver options. The cgds recommended by PZFlex  
c slvr splu 0.5 
 slvr cgds 0.5 1.e-3 
 cupl off 
 nlin 1 5 5 
 end 
  
c -------------------------------------------------------------------------  
c   Step 5: Set Thermal boundary and apply heat to shell  
c -------------------------------------------------------------------------    
 
data 
 hist drv 12000 drive_7p5mJ.dat /* load laser thermal deposition file 
 end 
 
func  
  hist drv 
  end 
 
data 
    hist unit 2 
    0. 1. 
1.e6 1. 
 
 
data  
 hist tinf 2 * 1.  20. /*makes unit function at 20C ... temperature @ 
infinity 
 0. 1. 
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1.e6 1. 
 
 
data  
 hist hcof 2 * 1. 5. /*makes h(T), the heat transfer coefficient 
water/air 
  0. 1. 
1.e6 1. 
 
c Set boundary conditions   
boun   
     side ymin symm 
     side zmin symm 
   
     /* Conductive thermal boundary conditions 
     side ymax infn norm 0.0 0.0 0. 
     side xmax infn norm 0.0 0.0 0. 
     side zmax infn norm 0.0 0.0 0. 
     side xmin infn norm 0.0 0.0 0. 
 
     defn tone powr func 1. /* these two commands apply the heat function 
     mshp matr gold         /* to the gold material 
     end  
  
c -------------------------------------------------------------------------  
c   Step 6: Instruct the model to calculate temperature data   
c -------------------------------------------------------------------------    
calc  
 max tmpr tmin tmax  
 end  
  
c -------------------------------------------------------------------------  
c   Step 7: Specify outputs for flxhst file & plotting  
c -------------------------------------------------------------------------   
 
symb #get { im1 im2 jm1 jm2 km1 km2 } matbound ijk gold 
 
pout 
 hist func 
 hist tmpr $i1 $i4 1 1 1 1 1 1 1 
 end 
  
c -------------------------------------------------------------------------  
c   Step 8: Setup simulation duration parameters & number of loops  
c ------------------------------------------------------------------------- 
   
 
time 10e-11 
c time * * 0.9 
prcs 
set tmpr 25. /* Set temperature in model to initially be 25C 
set told 25. /* Set temperature in model to initially be 25C  
  
c Compute total number of loops to perform   
symb #get { step } timestep  /* Get timestep   
symb nloops = max ( 1 , nint ( $simulation_time / ( $step * $numexec ) ) )  
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symb #msg 1 
 timestep = $step, nloops = $nloops 
  
symb execNum = 0  
symb dataOut = 5.1e-9 / $step 
symb dataOutYet = 0 
 
symb icount0 = 0 
symb icount1 = 0 
  
c MAIN SIMULATION LOOP  
symb #get { clock0 } wtime 
do loopi I 1 $nloops 1  /* for each timestep ....   
 
 
c Compute thermal diffusion for the current timestep after adding laser 
contribution.  
exec $numexec  
symb #get { clock1 } wtime 
 
symb loopTime = $clock1 - $clock0 
symb clock0 = $clock1 
symb timeRemain = $loopTime * ( $nloops - $I ) 
symb timeMin = $timeRemain / 60 
symb timeSec = $timeRemain - 60 * $timeMin 
 symb #msg 1 
 $I of $nloops ... $timeMin m $timeSec s remain 
symb execNum = $execNum + $numexec 
 
text filename tmpr7p5mj_$I.txt 
data 
 cddo tmpr $filename $i1 $i7 $j1 $j3 $k1 $k3 
 end  
 
symb #msg 1 
 Save Complete 
 
c if ( $icount0 eq 1 ) then 
 
grph  
  nvew 6 2 
 plot 1 /* 1 plot heating func 
  
 eye 0.000 0.000001 1  
 wndo elem $x1 $x7 -$y3 $y3 $z1 $dzPlot 
 plot matr 
  
 eye 0 1 0.00001 
 wndo elem $x1 $x7 $y1 $dzPlot -$z3 $z3 
 plot matr   
  
 plot $plotWaterLeft $plotNP $plotWaterRight /* 4 plot tmpr curves 
  
 eye 0.000 0.000001 1  
 wndo elem $x1 $x7 -$y3 $y3 $z1 $dzPlot 
 plot tmpr /* 5 tmpr 
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 eye 0 1 0.00001 
 wndo elem $x1 $x7 $y1 $dzPlot -$z3 $z3 
 plot tmpr 
 
 end  
 
symb icount0 = 0 
c endif  
symb icount0 = $icount0 + 1  
 
end$ loopi  
  
stop  

 

The code below solves Equation 3 – 5 under the assumption of a homogenous gas temperature, Tg, 

within the microbubble.  

Simulation Code A3.2: MATLAB Helper Script for Solving Rayleigh-Plesset Model  

%MATLAB CODE 
%14 Sept 2014 
%Adam Dixon 
 
%Script #1: This script sets up parameters sent to ode45 solver 
%to solve the Rayleigh Plesset Equation 
TPTime = 4E-6; %end time of Rayleigh Plesset Simulation 
tstep = 1E-11; %time step 
timeVector = [0:tstep:RPTime-tstep];%simulate time vector 
R0 = 1E-6; %resting radius of microbubble [m], 1 um 
initialConditions = [R0;0]; %initial conditions at T=0 
      %radius = R0; 
      % dradius/dt = 0; 
 
[t, r ] = ode45('RayleighPlessetEquation', ... 

           timeVector, ... %simulation time vector 
[R0;0], ... %initial conditions 
[], ... 
gasTemperature, ... %vector of gas temperature, 

thru 
%time, derived by PZFlex 
%simulation 

tstep, ... %time step 
R0); %initial radius 

%The output [t,r] are vectors of the time, radius, and dr/dt 
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Simulation Code A3.3: MATLAB Rayleigh-Plesset Model, Solved by ODE45 

  

%MATLAB CODE 
%14 Sept 2014 
%Adam Dixon 
 
%Rayleigh Plesset model equations 
function rdot = RayleighPlessetEquation(t,r, R, gasTemp, tstep,R0) 
 
%Model Physical Parameters. These can be changed to alter MB 
%resonance frequency 
T0 = 298; 
rhoL = 1E3; 
sigma = 0.02; 
mu = 0.001; 
kappaS = 1E-9; %kg/s 
P0 = 101325; 
kappa = 1.07; 
 
tindex = floor(t/tstep)+1; 
 
%Compute equation sections 
c1 = 1./(rhoL*r(1)); 
c2 = P0 + (2*sigma/R0); 
c3 = (r(1)./R0).^(-3*kappa); 
c4 = gasTemp(tindex)/T0; 
c5 = P0; 
c6 = (3*rhoL/2)*r(2).^2; 
c7 = 4*mu*r(2)/r(1); 
c8 = 2*sigma/r(1); 
c9 = 4*kappaS*r(2)/(r(1)).^2; 
 
rdot = [r(2); 
        c1* ( c2*c3*c4 - c5 - c6 - c7 - c8 - c9)]; 
 
end 
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