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Abstract

The destruction of echogenic liposomes (ELIP) in response to pulsed ultrasound excitations has 

been studied acoustically previously. However, the mechanism underlying the loss of echogenicity 

due to cavitation of ELIP has not been fully clarified. In this study, an ultra-high speed imaging 

approach was employed to observe the destruction phenomena of single ELIP exposed to 

ultrasound bursts at a center frequency of 6- MHz. We observed a rapid size reduction during the 

ultrasound excitation in 139 out of 397 (35 %) ultra-high-speed recordings. The shell dilation rate, 

which is defined as the microbubble wall velocity divided by the instantaneous radius, Ṙ/R, was 

extracted from the radius versus time response of each ELIP, and was found to be correlated with 

the deflation. Fragmentation and surface mode vibrations were also observed and are shown to 

depend on the applied acoustic pressure and initial radius. Results from this study can be utilized 

to optimize the theranostic application of ELIP, e.g., by tuning the size distribution or the 

excitation frequency.
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1. Introduction

Micron-sized encapsulated bubbles are widely used as blood-pool ultrasound contrast agents 

(UCAs) for diagnostic imaging. The gas core provides a large impedance mismatch with 
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tissue and is therefore highly echogenic. The gas core also expands and contracts nonlinearly 

under the influence of an acoustic pressure wave. Detection of the nonlinear scattered 

signals can provide further enhancement of contrast in a region containing UCAs, such as in 

the circulation and highly perfused organs. The stability of UCAs is essential for diagnostic 

imaging techniques, such as perfusion imaging, where the bubbles provide enhanced 

contrast for visualizing areas of high blood volume. The microbubble population can also be 

readily depleted during ultrasound imaging using pulses with peak rarefactional pressures 

larger than about 1 MPa (Chomas et al 2001b). Following a depletion pulse, the assessment 

of perfusion of new contrast agent microbubbles flowing into the depleted region can assist 

diagnosis of cardiac ischemia and angiogenic tumors (Cosgrove and Harvey 2009, Wilson 

and Burns 2010). Novel imaging methods have been emerging which utilize the intentional 

destruction of UCA microbubbles, such as: disruption-reperfusion imaging, flash echo and 

stimulated acoustic emission imaging. Ultrasound-mediated UCA destruction has also been 

shown to be beneficial in certain therapeutic applications, such as localized drug delivery 

(Schroeder et al 2009, Sutton et al 2013, Kooiman et al 2014) and thrombolysis (Petit et al 
2015).

Ultrasound-induced UCA destruction resulting from transient acoustic activation of the 

microbubbles (or cavitation) has been the subject of previous investigations (Sboros 2008, 

Wrenn et al 2012). Both acoustical measurements (Chen et al 2003, Porter et al 2006, Smith 

et al 2007, Yeh and Su 2008) and high-speed optical observations (Dayton et al 1999, 

Chomas et al 2000, Postema et al 2005a, 2005b, Lindsey et al 2015, Kothapalli et al 2015) 

have been used to detect irreversible destruction of UCAs above a certain acoustic pressure 

threshold. The threshold varies with the frequency, pulse length and the strength of the 

encapsulating shell (Chen et al 2003, Borden et al 2005, Smith et al 2007, Radhakrishnan et 
al 2013). Two regimes of ultrasound-induced UCA destruction have been classified based on 

the temporal dynamics of gas loss: acoustically driven diffusion and rapid fragmentation 

(Chomas et al 2001a, Porter et al 2006). At relatively low pressures (MI < 0.2), oscillations 

of the microbubbles can disrupt the encapsulating shell, resulting in deflation or shrinkage of 

the microbubble (Chomas et al 2001a, Chen et al 2002, Borden et al 2005, Guidi et al 2010) 

– this mechanism is termed acoustically driven diffusion in order to differentiate it from 

static diffusion of gas out from an undriven microbubble. At a higher pressure regime (MI > 

0.2), the bubble expansion ratio can become so large that the wall acceleration is dominated 

by the inertia of the surrounding liquid (Leighton 1994), leading to violent collapse of the 

bubble. During this process the bubble can fragment or break into small pieces forming 

daughter bubbles and emitting broadband noise (Chomas et al 2001b, Chen et al 2003).

Special attention has been given to investigating the evolution of UCA response when 

exposed to ultrasound in order to develop contrast specific imaging methods and drug 

delivery procedures (Ferrara et al 2009, Wrenn et al 2012, Kooiman et al 2014, de Saint 

Victor et al 2014). Early work using ultrasound pulse-echo techniques suggested an 

enhancement in backscattering immediately after UCA disruption for acoustic pressures 

exceeding a threshold, resulting from liberation of the encapsulated gas and generation of a 

free-air bubble (Bouakaz et al 1999, Chen et al 2002, Ammi et al 2006, Bevan et al 2007). 

The subsequent shrinkage and passage of the bubble through resonant size during deflation 

was also shown to contribute to an enhanced scattering effect (Chen et al 2002). Recently, 
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acoustically-induced deflation of UCAs exposed to ultrasound and the corresponding change 

in vibration dynamics of the encapsulated gas microbubble has been investigated optically 

(Chetty et al 2008, Guidi et al 2010, Thomas et al 2012, Viti et al 2012, Lindsey et al 2015). 

Ultra-high-speed imaging studies of UCAs exposed to pulsed ultrasound have revealed 

microbubble deflation due to individual sub-threshold pulses (Thomas et al 2012, Viti et al 
2012). The amplitude of radial oscillations was indeed observed to increase for 

microbubbles close to resonance size (van der Meer et al 2007, Chetty et al 2008, Thomas et 
al 2012).

Investigations of UCA response have been further extended to echogenic liposomes (ELIP), 

which are a novel agent showing potential for theranostic use (Britton et al 2010, 

Radhakrishnan et al 2012). ELIP are phospholipid vesicles that encapsulate both gas and 

aqueous cores (Huang 2010, Raymond et al 2014). Pressure thresholds for acoustically 

driven diffusion as well as rapid fragmentation of ELIP have been identified by Smith et al 

(2007). In a later study by Radhakrishnan et al (2013), the loss of echogenicity from ELIP 

exposed to pulsed Doppler ultrasound was correlated with acoustic emissions in an attempt 

to understand the destruction process. In both of these previous studies, 6-MHz duplex 

spectral Doppler waveforms from a standard clinical diagnostic scanner equipped with a 

peripheral vascular probe (HDI 5000 with L12-5 linear array transducer, Philips Medical 

Systems, Bothell, WA, USA) were used to investigate cavitation thresholds and loss of 

echogenicity from ELIP. Radhakrishnan et al (2013) observed ~50 % loss of echogenicity at 

acoustic pressure amplitudes well below the measured stable or inertial cavitation 

thresholds, which were found to be ~500 kPa and ~630 kPa, respectively. Rupture of the 

shell is thought to play a role in liberation of gas from ELIP (Radhakrishnan et al 2013); 

however, the mechanism responsible for loss of echogenicity at pressure levels below the 

stable or inertial cavitation threshold is unknown.

In this study, we investigated the destruction phenomena of ELIP exposed to pulsed 

ultrasound excitations at a center frequency of 6 MHz. An ultra-high-speed imaging camera 

operating at 19×106 frames per second was used to measure the radius versus time dynamics 

of ELIP in response to 5 consecutive tone bursts over a duration of 400 ms. The acoustic 

pressure amplitudes were below the previously determined in vitro pressure threshold for 

inertial cavitation of ELIP. Several phenomena were observed including rapid fragmentation, 

surface mode vibrations, and in some cases, a rapid size reduction during the ultrasound 

excitation.

2. Materials and Methods

2.1. Experimental setup

Freeze-dried ELIP dispersions consisting of EggPC/DPPC/DPPE/DPPG/Cholesterol 

(27:42:8:8:15, mol %) were prepared as described by Huang (Huang 2010) [1,2-dipalmitoyl-

sn-glycero-3-phosphocholine, Egg phosphocholine (Egg PC); 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC), 1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE). 1,2-

dipalmitoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DPPG)]. ELIP were prepared at the 

University of Texas Health Science Center (Houston, Texas, USA) and shipped overnight to 

Erasmus Medical Center (Rotterdam, the Netherlands) in lyophilized powder form with 
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refrigerant packs (4 °C). The lyophilized lipid powder was reconstituted using air-saturated, 

filtered (Type I) water at room temperature, resulting in stock suspensions of ELIP at a lipid 

concentration of 10 mg/mL. The stock suspension was diluted (~100×) in air-saturated 

phosphate-buffered saline (PBS) mixed with 0.5 % (wt./vol.) bovine serum albumin (BSA) 

solution (Sigma Chemical Co., St. Louis, USA). The diluted suspension was injected into an 

OptiCell® (Nunc/Thermo Scientific, Wiesbaden, Germany) and placed on a microscope 

optical stage submerged in a 37 °C water bath for imaging under a microscope with a 60× 

water-immersion objective (BXFM; Olympus, Zoeterwoude, the Netherlands). The total 

magnification of the system was increased to 120× using a 2× magnification lens inside the 

microscope. A xenon flash lamp (A-260, Vision Light Tech, Uden, the Netherlands) with a 

fiber-optic light guide (Schott AG, Mainz, Germany) was used to illuminate the optical 

region of interest for the ultra-high-speed recordings. A diagram of the optical imaging setup 

is presented in Figure 1. Recordings of the bubble dynamics consisting of 128 frames were 

captured at approximately 19×106 frames per second using the ultra-high-speed framing 

camera Brandaris 128 (Chin et al 2003, Gelderblom et al 2012). In this study, ELIP with 

initial radii (R1) ranging from 0.5–2.5 µm were analyzed. Previous Coulter counter 

measurements of the particle size distribution for this ELIP formulation indicated a volume-

weighted modal radius of approximately 1 µm for a population of ELIP in vitro (Raymond et 
al 2014).

2.2. Acoustic excitation pulse

The excitation waveforms and acoustic pressure amplitude range used in this investigation 

were selected based on previous studies of ELIP cavitation by Smith et al (2007) and 

Radhakrishnan et al (2013). Acoustic excitation tone bursts similar to the pulsed Doppler 

waveforms used in previous studies were applied. Each narrowband burst consisted of a 20-

cycle sinusoidal wave with a cosine envelope and a fundamental frequency of 6 MHz. The 

cosine windowing of the transmit pulse was consistent with the spectral Doppler pulse 

waveforms measured from a clinical ultrasound imaging system (HDI 5000, Philips, Bothell, 

WA, USA) (Radhakrishnan et al 2013). We selected four acoustic pressure amplitudes (110, 

250, 410, and 580 kPa) which were sufficient to generate observable bubble motion in the 

optical recording but below the inertial cavitation threshold determined previously 

(Radhakrishnan et al 2013). Waveforms were generated using a programmable arbitrary 

waveform generator (Model 8026, Tabor Electronics Ltd., Tel Hanan, Israel) and amplified 

using a wideband RF amplifier (0.3–35 MHz; Model A-500, Electronic Navigation 

Industries, Rochester, NY, USA) before being routed to a focused, broadband PVDF 

transducer (PA275; Precision Acoustics, Dorchester, United Kingdom). The transducer had a 

diameter of 23 mm, and focal distance of 25 mm, with a −6 dB frequency bandwidth from 

2.0–13.5 MHz and was positioned in the water bath at a 45° angle below the sample. The 

acoustic focus (0.5 mm full-width at half-maximum pressure) was aligned with the optical 

region of interest before the experiment. The ultrasound burst was triggered by the camera 

and the arrival time of the pulse was calibrated using a pulse-echo waveform obtained from a 

scattering particle positioned in the optical region of interest prior to the experiment. The 

uncertainty was on the order of 10 ns, determined by the field of view (45.0×26.3 µm) and 

the speed of sound, which was kept constant throughout the experiment (the temperature of 

the water bath was controlled at 37 °C).
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The acoustic pressure at four driving amplitudes was calibrated using a 0.2-mm PVDF 

needle-type hydrophone (sensitivity 45 nV/Pa ± 6% uncertainty; Precision Acoustics Ltd., 

Dorchester, UK). The hydrophone was positioned approximately 2 mm from the membrane 

of a modified OptiCell® (one of the membranes was removed to allow hydrophone access 

for calibration) and the peak acoustic pressure in situ at the location of the bubble during the 

optical recordings was determined to be 110, 250, 410, and 580 kPa. The in situ acoustic 

pressure was attenuated by a factor of approximately 3 dB relative to the free-field pressure 

due to the presence of the OptiCell® membrane and the 45° angle of incidence of the 

acoustic wave. The measured in situ pressure waveform for a 250 kPa peak pressure 

excitation pulse is shown in Figure 2.

2.3. Data reduction and analysis

The Brandaris 128 ultra-high-speed framing camera is able to store up to 6 sequences of 128 

frames in memory, allowing multiple recordings to be acquired in a single run. The timing 

between recordings is determined by readout of the CCD image sensors, which results in an 

approximate 80 ms delay between consecutive recordings (Chin et al 2003). For each 

individual ELIP selected for investigation, 6 recordings were acquired sequentially over an 

interval of 400 ms. The first recording was acquired without ultrasound excitation to 

determine the quiescent resting radius of the stabilized microbbuble. Ultrasound tone bursts 

at one of the driving pressure amplitudes (110, 250, 410, or 580 kPa) were applied for each 

of the 5 subsequent recordings. The bubble radius as a function of time, R(t), was measured 

from each recording using custom image analysis and tracking software developed in 

MATLAB (the Mathworks, Natick, MA, USA) (van der Meer et al 2007). Time-domain 

interpolation using the fast Fourier transform was used to recover the signal for analysis due 

to the low number of samples per cycle (~3) available from the optical recordings. Briefly, 

the 128-point R(t) signal was transformed to the Fourier domain, zero-padded, and then 

transformed back with 8× resampling using the MATLAB interpft routine (Lyons 2011).

Individual ELIP were exposed to 5 consecutive ultrasound tone bursts at one of the four 

pressure amplitudes described above. We considered each ultra-high-speed recording of a 

tone burst excitation an independent trial. A typical radius versus time curve for a single 

recording is shown in Figure 3a. The initial radius (R1) and the final radius (R2) were 

estimated based on the mean value of the R(t) curve during the 8 frames at the beginning and 

the end of the recording, respectively.

For the example shown in Figure 3a, we observed a noticeable change in radius (ΔR = R2 − 

R1) as a result of the acoustic excitation. The change was considered significant if the 

absolute size change of ELIP is greater than a predetermined resolution limit given by |ΔR| = 

|R2 − R1| ≥RL (where RL = 0.12 µm, or approximately 1.33 times the pixel dimension in the 

images, 90 nm). The resolution limit, RL, was established using the method described by 

Emmer et al (2007), briefly, the maximum absolute variation in radius measured during the 

first recording (128 frames when no ultrasound was applied) was used as an estimate of the 

stochastic error and the average variation measured for all ELIP was taken as the resolution 

limit.
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For the radius versus time curve presented in Figure 3a, the final radius was smaller than the 

initial radius (R2 < R1). Therefore we posit that partial deflation of the ELIP occurred during 

the 20-cycle burst excitation. During the deflation, the mean radius about which the bubble 

is oscillating is changing with time which poses a complication in analyzing the oscillation 

amplitude. Therefore, we consider the time derivative of the radius response which gives the 

microbubble wall velocity, Ṙ, or dilatation rate, Ṙ/R, in order to analyze of the vibrational 

response. For monofrequency vibrations the dilatation rate can be approximated as ˙R/R ≈ 
2πfΔR/R0 (van der Meer et al 2007). The wall velocity and dilatation rate were calculated 

directly from the experimentally measured radius versus time curves and the result is shown 

in Figure 3b.

3. Results

A total of 397 radius versus time curves for ELIP with initial radii (R1) ranging from 0.5–2.5 

µm were analyzed. Results are presented as follows. In the first two subsections, we describe 

observed phenomena which stem from instabilities in the volumetric oscillations. In the third 

subsection, the radius versus time responses of ELIP are analyzed.

3.1. Fragmentation

Fragmentation was indicated by the appearance of several smaller (daughter) bubble 

fragments in the image frame following collapse of the bubble during the acoustic tone burst 

excitation. The bubble fragments continued to vibrate under the influence of acoustic 

excitation, but were observed to disappear quickly and were not visible at the end of the 

ultra-high-speed recording. Fragmentation was not observed at 110 or 250 kPa peak 

pressures. Fragmentation of the microbubble into daughter bubbles was observed in 5 of 153 

(3 %) recordings at 410 kPa and 6 of 51 (12 %) recordings at 580 kPa peak pressure. Figure 

4 shows an example of microbubble fragmentation for a 580 kPa peak pressure tone burst. 

The initial radius, R1, is 0.75 µm (shown in frame #11 before the pressure wave arrives). The 

microbubble is shown compressing in frame #29 and expanding during the negative pressure 

half-cycle in frames #30 and #31. The compressed microbubble is not visible in frame #32. 

Upon rebounce three fragments appear in frame #33 which subsequently grow under the 

influence of the negative acoustic driving pressure. The fragments undergo several more 

oscillations before dissolving completely in frame #60 (not shown) while the ultrasound tone 

burst was still on. For this example, the largest radius measured before fragmentation, Rmax, 

is 1.5 µm (frame #31) giving a maximum expansion ratio, Rmax/R1 ~ 2. The initial radius 

(R1) and maximum expansion ratio (Rmax/R1) for each ELIP observed to fragment is given 

in Table 1. For all of the ELIP observed to fragment the initial radii were in a narrow range 

between 0.75–1.05 µm and the maximum expansion ratios were between 1.46 and 2.24.

3.2. Surface modes

Surface mode vibrations were also observed, and we posit that these vibrations manifest as 

oscillating asymmetric patterns in the images at a vibration frequency lower than the 

acoustic driving frequency. An impartial observer evaluated the recordings and indicated for 

each if a surface mode oscillation was observed (yes or no). The appearance of oscillating 

asymmetric patterns at a frequency lower than the pulsation mode frequency was taken to be 
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indicative of a surface mode vibration. Such vibrations did not preclude the recording from 

further analysis of the radius versus time response.

Surface mode vibrations were observed in 147 out of 397 total recordings (37 %). Figure 5 

illustrates the response of a 2.2 µm ELIP excited by 6-MHz tone burst with an peak pressure 

amplitude of 580 kPa. Asymmetric patterns indicative of surface mode oscillations are first 

visible in frame #32, after several cycles of acoustic excitation. During subsequent acoustic 

cycles, the surface mode oscillation amplitude grows and aspherical radial perturbations are 

evident about the perimeter of the microbubble. A summary of the number of recordings in 

which surface mode vibrations were observed for each peak pressure level is given in Table 

2. Observations of surface modes occurred with higher incidence at larger peak acoustic 

pressures: 15 % at 110 kPa, 30 % at 250 kPa, 51 % at 410 kPa, and 55 % at 580 kPa, over all 

initial radii. Surface modes were also found to occur more frequently in larger ELIP: 84 % 

for ELIP with initial radii greater than or equal to 1.5 µm versus 13 % for ELIP with initial 

radii less than 1.5 µm, at 580 kPa. Examples of surface mode vibrations observed for ELIP 

with initial radii of 1.8, 2.0 and 2.2 µm are shown in Figure 6.

3.3. Stable volume oscillations

A total of 386 radius versus time curves for 88 individual ELIP were analyzed to evaluate 

the radial response of ELIP under consecutive pulsed ultrasound excitations. The data set 

includes recordings of ELIP undergoing stable volumetric oscillations both with (n = 147) 

and without (n = 239) surface mode vibrations. In all cases, the radius versus time curves 

representing the volumetric expansion and compression were derived using a minimum cost 

algorithm to yield the mean radius averaged over at least 90 equally spaced angles (van der 

Meer et al 2007). ELIP that fragmented were not included in the analysis.

A typical radius versus time sequence consisting of 6 recordings for an individual ELIP is 

shown in Figure 7a. In this run, we observed deflation from an initial resting radius of 1.33 

µm to a final resting radius of 0.49 µm following 5 consecutive ultrasound bursts at 110 kPa 

peak acoustic pressure. For each tone burst excitation, deflation of up to 20 % change in 

radius occurs during the 3.33 µs acoustic excitation, while no observable change in radius 

occurs during the relatively long acoustic quiescent time period (~80 ms) between 

recordings. The deflation process takes place in stages corresponding to periods when the 

microbubble is acoustically driven by a tone bust excitation. As illustrated in Figure 7a, both 

the radial oscillation amplitude and the time-dependent dilatation rate vary from burst to 

burst. The dilatation rate (Ṙ/R) and change in resting radius before and after the excitation (|

ΔR|) are maximum during recording #3 (the second ultrasound tone burst excitation) as the 

ELIP deflates and goes through an apparent resonance size. The maximum dilatation rate 

was 2.3×107 s−1 and the initial quiescent radius of the microbubble was 1.10 µm during this 

recording. The maximum dilatation rate decreases with each subsequent excitation and 

nearly complete deflation (95 % reduction in volume) is observed after 5 consecutive 

ultrasound tone burst excitations. In Figure 7b, plots of the absolute change in radius and the 

maximum dilatation rate derived from each of the recordings are overlaid, which illustrates 

that these metrics are closely correlated.
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Figure 8 shows the resultant change in radius, ΔR, as a function of the initial size due to 

single ultrasound tone burst excitations at 110, 250, 410 and 580 kPa, respectively. The filled 

data points indicate recordings in which surface mode vibrations were observed. A total of 

139 (35 %) ELIP showed significant deflation (defined as ΔR = R2 − R1 < −RL) during a 

single burst excitation. The maximum relative change in radius was −21 %, −29 %, −46 % 

and −43 % for 110, 250, 410 and 580 kPa excitations, respectively. Additionally, at each 

pressure, the maximum size reduction is dependent on the size and generally occurs for 

smaller ELIP near the apparent resonance size (1 µm).

Figure 9 shows the resultant change in radius as a function of the maximum dilatation rate. 

Two regimes can be observed. At low dilatation rates (< 3.4×106 s−1) no significant size 

change is observable; the maximum size variation is comparable to the resolution limit or 

uncertainty in the optical measurement (|ΔR| < RL). At higher dilatation rates (> 3.4×106 

s−1) all of the measured bubbles deflate to a certain degree (ΔR < 0). A change point 

analysis technique based on segmented linear regression using the mean square error (MSE) 

estimator was used to detect the transition point between the first regime, in which the mean 

variation was constrained to zero, and second regime, in which the mean variation was non-

zero and therefore a change of size was evident as a function the dilatation rate (Qiu 2005). 

The change point at a dilatation rate of 3.4×106 s−1 demarcates the threshold for the 

occurrence of ELIP deflation.

4. Discussion

4.1. Fragmentation

Fragmentation of a phospholipid encapsulated bubble into smaller bubbles at high acoustic 

pressure amplitudes (Table 1) is a common phenomenon that has been described in detail 

previously (Chomas et al 2000, Lindsey et al 2015, Dayton et al 1999). One likely 

mechanism is that surface instabilities generated during the inertially driven collapse lead to 

fragmentation during the subsequent growth phase (Chomas et al 2001a, Leighton 1994). 

The inertially driven collapse also promotes broadband acoustic emissions, which have been 

used extensively to characterize the threshold for fragmentation of ELIP (Radhakrishnan et 
al 2013) as well as other UCAs (Chen et al 2003, King et al 2010, Lindsey et al 2015). In 

preliminary experiments, we frequently observed breakup of ELIP microbubbles into 

smaller fragments when they were exposed to pressure amplitudes higher than those 

ultimately used in this study (> 580 kPa). As we aim at studying the loss of echogenicity due 

to stable cavitation, and for the simplicity of radius versus time analysis, the maximum 

pressure selected for this study was 580 kPa. This value was approximately 10 % below the 

threshold for inertial cavitation at 6 MHz measured previously for a population of ELIP 

(Radhakrishnan et al 2013). The low occurrence of fragmentation in this study is therefore 

attributed to the use of excitation pressures that are lower than the previously measured 

threshold. Fragmentation was observed despite operating below the inertial cavitation 

threshold, although only for a narrow size range (0.75–1.05 µm, Table 1) and only at the two 

highest pressure levels used in this study (410 kPa and 580 kPa, Table 1). This can be 

attributed to ELIP which are optimally sized, and therefore more likely to undergo inertial 

collapse due to the applied ultrasound pulse at 6-MHz fundamental frequency. Gas nuclei 

Raymond et al. Page 8

Phys Med Biol. Author manuscript; available in PMC 2017 December 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



which are optimally sized at a particular excitation frequency tend to undergo inertial 

cavitation at lower threshold pressures (Apfel and Holland 1991). The size range of ELIP 

observed to fragment in this study corresponded to the expected resonance size for ELIP at 6 

MHz (see Fig. 5 in Raymond et al 2015). ELIP suspensions are known to contain particles as 

small as tens of nanometers (Kopechek et al 2011). However, Coulter counter measurements 

of the size distribution indicate a volume-weighted modal radius of approximately 1 µm for 

the ELIP formulation used in this study (see Figure 2d in Raymond et al 2014). Therefore, a 

large proportion of ELIP particles within a population have radii within the range most 

likely to fragment above a pressure threshold using 6-MHz ultrasound tone bursts.

4.2. Surface modes

Oscillating patterns indicative of surface mode vibrations were observed in 37 % of the 

recordings. Surface mode instabilities are known to be threshold dependent and readily 

excitable for bubbles larger than volumetric resonance (Neppiras 1980, Leighton 1994). 

Moreover, because surface modes are strongly coupled to the volumetric pulsation mode, 

they are normally excited after several acoustic cycles and at lower frequencies than the 

pulsation mode (Brenner et al 1995, Dollet et al 2008, Versluis et al 2010). Surface modes 

occurred predominately for ELIP with initial radii greater than 1.5 µm. Surface mode 

vibrations were not observed to result in fragmentation or splitting of ELIP in this study.

4.3. ELIP deflation and possible mechanisms

The observations of ELIP undergoing stable volumetric oscillations indicates that the 

deflation process occurs in stages and predominately during the ultrasound exposure (Figure 

7). This is in agreement with previously reported phenomena for other lipid-shelled UCAs 

(Chomas et al 2001a, Thomas et al 2012, Viti et al 2012). The most significant difference 

between commercially available lipid-shelled UCAs and the ELIP formulation used in this 

study is the gas content. The ELIP used in this study contained air, which is more soluble in 

aqueous solution than high molecular weight gases used in second-generation commercial 

UCAs. Furthermore, commercially available UCAs are typically encapsulated by a lipid 

monolayer shell which has limited capability to load with drugs. ELIP are bilayer liposomes 

that can carry both gas and drugs in a single particle. This is important since it makes ELIP 

both a contrast agent as well as a drug carrier which can be responsive to ultrasound for 

content release. Despite these differences, it has been shown in previous studies that ELIP 

behave similarly to other UCAs (Raymond et al 2014, Raymond et al 2015). We are the first 

group to show that such novel agents can be used for both image enhancement as well as 

therapeutic delivery, including the release of bioactive gases (Britton et al 2010, Kim et al 
2014, Sutton et al 2014).

It is important to note that broadband impulse excitations (pulse duration of 0.33 µs, 1.5 

cycles at 4 MHz center frequency) up to 500 kPa peak pressure did not result in enhanced 

gas diffusion in a previous study (Raymond et al 2015). However, in this study narrowband 

20-cycle Doppler tone burst excitations resulted in enhanced gas diffusion at peak acoustic 

pressures as low as 110 kPa. Figure 8 illustrates that 35 % of ELIP underwent a detectable 

size reduction (ΔR < 0.12 µm) after exposure to a single 6-MHz ultrasound tone burst.
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One of the possible physical processes involved in the deflation phenomenon is acoustically 

driven diffusion, which is an increased convective diffusion process driven by the ultrasound 

exposure. This phenomenon has been observed previously for ELIP (Smith et al 2007) as 

well as other UCAs (Chomas et al 2001a, Porter et al 2006). Lipid shell destruction can 

occur simultaneously - whereby ultrasound-assisted budding, buckling, and other 

mechanisms can cause disruption of the lipid shell resulting in lipid shedding (O’Brien et al 
2013), or the expulsion of sub-micron fragments which cannot be resolved optically (Borden 

et al 2005). Recent studies based on high-speed fluorescence imaging of microbubbles 

exposed to burst excitations have revealed the detachment of lipid particles within a few 

acoustic cycles and the subsequent transport process of the particles by the surrounding 

streaming flow field (Gelderblom et al 2013, Luan et al 2014). Cox and Thomas (2013) have 

suggested that these particles must entrain a finite volume of gas in order for accelerated 

dissolution to occur. In this way, sub-micron fragments are pinched off leading to a 

corresponding reduction in size of ELIP, which may be associated with lipid shedding and 

trigger the process of acoustically driven diffusion. Gas loss from phospholipid-shelled 

microbubbles results in a decrease in the encapsulated gas volume, and concomitant 

reduction in the surface area of the shell. Therefore, less surfactant material is required to 

stabilize the deflated gas core and excess lipids are expelled during deflation.

Smith et al. (2007) and Radhakrishnan et al. (2013) previously investigated ELIP destruction 

thresholds using 6.0-MHz Doppler pulses with the same pulse duration used in this study 

(3.33 µs). Smith et al. (2007) found the threshold for acoustically driven diffusion occurs at a 

peak rarefactional pressure of 480 kPa, which corresponds to the threshold for stable 

cavitation emissions found by Radhakrishnan et al. (2013). In this optical study, 51 % of 

individual ELIP deflated at 410 kPa and 55 % at 580 kPa, compared to only 14 % at 110 kPa 

and 30 % at 250 kPa. The onset of acoustically driven diffusion based on observations of 

single ELIP in this study is in general agreement with previous acoustic investigations which 

identified a threshold for this effect on a population of ELIP.

The observations suggest an accelerated deflation for ELIP with initial radii near an apparent 

resonance radius of ~1 µm, where radial (volumetric) oscillation amplitudes are largest 

(Figure 8). For the size range of ELIP considered in this study (and in general, for 

microbubbles with radii less than about 3 µm) the dynamic response is dominated by the 

viscoelastic properties of the surrounding fluid with an additional contribution to damping 

from the shell dilatation viscosity. Therefore, the dynamics can depend not only on the size 

and shell properties, but also on the properties of the surrounding medium and the insonation 

frequency (Helfield et al 2016b, 2016a). We did not explore frequency as an independent 

parameter in this study. However, the experimental data indicated a strong dependence of 

ELIP deflation on the dilatation rate (Figure 9). Similar correlations have been reported for 

UCA microbubbles using both optical and acoustical techniques (Guidi et al 2010, Thomas 

et al 2012).

4.4. Evolution of acoustic responses during deflation

Ultra-high-speed imaging is a direct method to characterize the evolution of ELIP acoustic 

responses under consecutive ultrasound tone bursts. The results of this study suggest that the 
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oscillation dynamics of ELIP undergo irreversible changes during deflation (Figure 7). Our 

observations are consistent with previous studies based on both acoustical and optical 

methods which have shown that lipid shelled microbubbles may undergo irreversible 

deflation in response to ultrasound-induced oscillations, and that the response of deflating 

bubbles may change over subsequent pulses depending on their instantaneous radius 

(Couture et al 2009, Guidi et al 2010, Thomas et al 2012). Depending on the acoustic 

pressure, ELIP with initial radii near or slightly larger than resonance may deflate during 

excitation by an ultrasound tone burst. During subsequent tone bursts, the amplitude of 

oscillation will increase as the bubble further deflates through the resonance size. Therefore, 

ultrasound tone bursts at pressure amplitudes below the threshold for rapid fragmentation 

can potentially be used to promote acoustically driven diffusion and to affect the controlled 

deflation of ELIP.

4.5. Clinical implications

Results of this study can be used to improve strategies for ultrasound-controlled gas delivery 

to vascular tissue beds using ELIP (Britton et al 2010, Kim et al 2014, Sutton et al 2014, Fix 

et al 2015). Results suggest that two parameters should be carefully considered in order to 

trigger enhanced diffusion of an encapsulated gas under pulsed ultrasound excitation. First, 

the acoustic pressure should be sufficient to drive the dilatation rate above a certain 

threshold, 3.4×106 s-1 in this study at 6 MHz (Figure 9) to initiate the fast deflation of ELIP. 

According to the observations from this study, if inertial cavitation (fragmentation) is to be 

avoided, a peak pressure amplitude of 250 kPa is a reasonable choice at 6 MHz. Second, the 

size distribution of ELIP may influence the duration and temporal release profile of the 

encapsulated gas. ELIP near resonance size will generate a larger instantaneous response to 

acoustic excitation, which will likely decay over time as the bubbles deflate in response to 

acoustic excitation. However, a higher proportion of larger ELIP (> 2 µm in radius) within a 

population may be preferable for theranostic use because they scatter ultrasound effectively 

in the diagnostic frequency range (Raymond et al 2014) and are less likely to undergo 

acoustically driven diffusion or rapid fragmentation due to individual sub-threshold 

ultrasound tone bursts. ELIP initially larger than resonance may achieve maximum 

therapeutic efficacy at a later stage when passing through the resonance size due to static 

dissolution in the circulation (Kabalnov et al 1998). Moreover, larger ELIP can be used to 

deliver a much higher volume of gas as payload compared to smaller bubbles.

For controlled delivery of encapsulated gas via ELIP, stable cavitation accompanied by the 

acoustically driven diffusion mechanism (Figure 7) may be preferable to rapid fragmentation 

(Figure 4) to avoid negative bioeffects associated with inertial cavitation. The observed 

phenomena could be exploited to optimize the theranostic application of ELIP, either by 

adjusting the size distribution of ELIP within a population or the excitation frequency. It has 

recently been demonstrated that monodisperse drug-loaded ELIP in a clinically relevant size 

range can be manufactured using microfluidic devices (Kandadai et al 2016). Microfluidic 

sorting techniques (Segers and Versluis 2014, Kok et al 2015) can also be used to obtain a 

monodisperse bubble population of a particular size. These technologies may allow the size 

distribution of ELIP to be tailored for specific ultrasound frequencies. To first-order 

approximation the dilatation rate scales directly with the driving frequency and amplitude of 
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radial oscillations and is maximum for bubbles near resonance. Operating at a frequency 

below resonance implies that larger amplitude oscillations would need to be obtained in 

order to promote acoustically driven diffusion. In this regime, rapid fragmentation may play 

a more significant role thus imposing a limitation on the lowest frequency suitable to 

promote acoustically driven diffusion if inertial cavitation is to be avoided.

4.6. Limitations

Limitations of the optical system resolution can result in a bias of the size range of ELIP 

selected for analysis. The smallest individual ELIP that was measured in this study (0.5 µm) 

was close to the resolution limit of the ultra-high-speed imaging system (0.4 µm; Chin et al 

2003) and ELIP smaller than this limit could not be investigated.

Another limitation is the frame rate of the ultra-high-speed imaging system (19×106 frames 

per second), which only permitted ~3 samples per acoustic cycle. Ultraharmonics and 

nonlinear oscillations with frequency content higher than about 9.5 MHz were not resolved. 

It is also likely that minimum or maximum excursions would not be captured in any 

particular frame given the low number of frames captured per cycle. Therefore, the 

expansion ratios given in Table 1 should be considered approximations (lower bounds) of the 

true values.

Two additional factors regarding detection of ELIP deflation using the optical system should 

be considered. First, the presence of a rigid OptiCell® membrane may contribute to 

nonspherical oscillations of ELIP and expulsion of fragments in the orthogonal plane which 

could not be observed optically in this study but have been observed previously (Vos et al 
2008, Luan et al 2014). The OptiCell® may also influence the amplitude of surface mode 

vibrations. Dollet et al (2008) used optical trapping to manipulate the bubble position and 

found that bubbles nearby the Opticell® wall deform much less in the imaging plane than 

free-floating bubbles. Second is the generation and ejection of sub-micron fragments which 

could not be resolved optically (Borden et al 2005). Fluorescence studies (Gelderblom et al 
2013, Luan et al 2014) have revealed that this lipid-shedding phenomenon plays an 

important role in deflation of lipid-shelled UCA. The shedding of sub-micron fragments that 

entrap gas has been proposed as a possible mechanism to explain the observed rapid 

deflation of lipid-shelled microbubbles in response to acoustic excitation (Cox and Thomas 

2013).

5. Conclusions

In this study, ultra-high-speed optical imaging was used to investigate the acoustic responses 

of ELIP exposed to 20-cycle Doppler tone bursts. The results suggest that ELIP dynamics in 

response to pulsed acoustic forcing at 6 MHz are strongly dependent on the instantaneous 

radius. A peak pressure in excess of approximately 250 kPa is necessary to initiate the fast 

deflation of ELIP. In general, ELIP are more rapidly deflated at resonance, where the wall 

velocity is the highest.
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Figure 1. 
Schematic of the setup used to optically record the vibration dynamics of echogenic 

liposomes exposed to pulsed ultrasound excitations.
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Figure 2. 
Measured pressure waveform for a 250 kPa acoustic excitation. A 3.33 µs tone burst 

excitation consisted of a 20-cycle sinusoidal wave with a cosine envelope and a fundamental 

frequency of 6 MHz. The time axis limits were chosen to indicate the temporal timing of the 

pulse with respect to the duration of a typical recording acquired using ultra-high-speed 

framing camera commencing at time t = 0 and consisting of 128 frames captured at 

approximately 19×106 frames per second.
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Figure 3. 
(a) Example of a measured radius versus time curve and (b) dilatation rate calculated for a 

microbubble excited by a single ultrasound burst at peak pressure of 110 kPa. The initial 

radius is R1 = 1.33 µm and the final radius is R2 = 1.17 µm.
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Figure 4. 
Exemplary ultra-high-speed image frames for an echogenic liposome fragmenting. Frames 

#11 and #29 – #32 are shown in the bottom panel. The top panel shows the temporal 

location of each image frame (black dots) with respect to the acoustic driving pressure. The 

scale bar represents 5 µm in the images and the interframe time is 52 ns.
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Figure 5. 
Exemplary ultra-high-speed image frames for an echogenic liposome with radius variations 

and patterns indicative of surface mode oscillations. Each third frame from #23-#56 is 

shown in the bottom panel. The top panel shows the temporal location of each image frame 

(black dots) with respect to the acoustic driving pressure. The scale bar represents 5 µ m in 

the images and the selected frames are separated by 0.157 µs.

Raymond et al. Page 21

Phys Med Biol. Author manuscript; available in PMC 2017 December 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Examples of asymmetric patterns indicative of surface mode vibrations observed for ELIP 

with initial radii of (a) 1.8 µ m (b) 2.0 µ m and (c) 2.2 µ m. The peak pressure amplitude was 

410 kPa in (a,b) and 580 kPa in (c). Scale bars represent 5 µ m in all images.
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Figure 7. 
(a) Example radius versus time sequence (top) and dilatation rate (bottom) derived from 6 

successive optical recordings for a single ELIP. The duration of each recording is 6.7 µs and 

the dotted lines between recordings represent ~80 ms delay due to CCD readout and transfer 

to memory. (b) Absolute change in radius and maximum dilatation rate derived from each of 

the recordings.
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Figure 8. 
Change in radius versus initial size for a single burst at (a) 110 kPa, (b) 250 kPa, (c) 410 

kPa, and (d) 580 kPa. The filled symbols denote trials in which surface modes were 

observed. The resolution limit for a detectable change in radius, RL, is plotted as a dashed 

line.
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Figure 9. 
Change in radius versus dilatation rate. The change point was evaluated using the mean 

square error (MSE) estimator and is shown as a dashed line at 3.4×106 s−1. The filled 

symbols denote trials in which surface modes were observed.
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Table 1

Initial radius and maximum expansion ratio for ELIP observed to fragment.

R1 (µm) Rmax / R1

410 kPa 0.94 1.52

0.99 1.60

L.00 1.60

L.01 1.82

1.03 1.60

580 kPa 0.75 1.95

0.85 1.77

1.01 1.71

1.03 2.24

1.04 1.46

1.05 1.53
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Table 2

Observations of surface mode vibrations for each peak pressure level.

110 kPa 250 kPa 410 kPa 580 kPa

R1 < 1.5 µm 0/25
(0%)

4/53
(8%)

9/51
(18%)

3/23
(13%)

R1 ≥ 1.5 µm 8/30
(27%)

40/95
(42%)

56/77
(73%)

27/32
(84%)

Total 8/55
(15%)

44/148
(30%)

65/128
(51%)

30/55
(55%)
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