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Abstract

Lipid-shelled microbubbles have been used in ultrasound-mediated drug delivery. The 

physicochemical properties of the microbubble shell could affect the delivery efficiency since they 

determine the microbubble mechanical properties, circulation persistence, and dissolution 

behavior during cavitation. Therefore, the aim of this study was to investigate the shell effects on 

drug delivery efficiency in the brain via blood-brain barrier (BBB) opening in vivo using 

monodisperse microbubbles with different phospholipid shell components. The physicochemical 

properties of the monolayer were varied by using phospholipids with different hydrophobic chain 

lengths (C16, C18, and C24). The dependence on the molecular size and acoustic energy (both 

pressure and pulse length) were investigated. Our results showed that a relatively small increase in 

the microbubble shell rigidity resulted in a significant increase in the delivery of 40-kDa dextran, 

especially at higher pressures. Smaller (3 kDa) dextran did not show significant difference in the 

delivery amount, suggesting the observed shell effect was molecular size-dependent. In studying 

the impact of acoustic energy on the shell effects, it was found that they occurred most 

significantly at pressures causing microbubble destruction (450 kPa and 600 kPa); by increasing 

the pulse length to deliver the 40-kDa dextran, the difference between C16 and C18 disappeared 

while C24 still achieved the highest delivery efficiency. These indicated that the acoustic energy 

could be used to modulate the shell effects. The acoustic cavitation emission revealed the physical 

mechanisms associated with different shells. Overall, lipid-shelled microbubbles with long 

hydrophobic chain length could achieve high delivery efficiency for larger molecules especially 

with high acoustic energy. Our study, for the first time, offered evidence directly linking the 

microbubble monolayer shell with their efficacy for drug delivery in vivo.
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1. Introduction

Microbubbles, gas-filled microspheres (1–10 μm) initially used merely as contrast agents for 

ultrasound imaging, have recently been shown critical in ultrasound-mediated therapeutic 

applications such as sonothrombolysis [1, 2], molecular delivery to the cell via sonoporation 

[3, 4] and/or endocytosis [5, 6], and to the brain parenchyma via blood-brain barrier (BBB) 

opening [7, 8] paracellularly or transcellularly. For molecular delivery purposes, although 

the biological mechanisms may vary, sonoporation and/or endocytosis and BBB opening 

share the same physical mechanism that cavitation increases the permeability of the cell 

membranes. In all the cases, the microbubble properties play important roles in determining 

the delivery efficiency. For example, larger microbubbles (4–5 μm in diameter) induce 

larger BBB opening and delivery efficiency than smaller microbubbles (1–2 μm in diameter) 

[9, 10]; soft-shelled (lipid or protein) microbubbles gave higher cell viability and 

transfection rate of gene delivery than hard-shelled (polymer) microbubbles [11].

Overall, the main goal of drug delivery is to achieve high efficiency without causing cell 

damage, and with the use of lipid-coated microbubbles it is achievable. In fact, with lipid-

coated microbubbles the overall drug delivery efficiency could be influenced by changing 

the lipid hydrophobic chain length that modulates the overall physicochemical properties of 

the monolayer shell. Borden et al. have shown that increasing the lipid hydrophobic chain 

length increased the gas permeation resistance to the environment [12], decreased the 

acoustic dissolution rate while enhancing the lipid-shedding phenomenon during 

insonification [13]. Kwan et al. have reported that bubbles with longer lipid hydrophobic 

chains required longer re-stabilization following shell rupture, and longer to dissolve after 

the onset of collapse due to stronger attractive intermolecular forces [14, 15]. Longer acyl 

chains can also increase the lipid monolayer thickness [16] and microbubble mechanical 

properties such as in-plane rigidity [17], thereby modulating cavitation response and the 

shear stress applied on the cell membrane [18, 19]. Those results suggest that the 

physicochemical properties of the lipid-shelled microbubbles may play a role in affecting 

the drug delivery efficiency, but the exact effects remain to be discovered.
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This study aimed at investigating the shell effect of lipid-coated microbubbles on the drug 

delivery efficiency in vivo. We hypothesize that increasing the lipid hydrophobic chain 

length would enhance the drug delivery efficiency after focused ultrasound (FUS)-induced 

BBB opening. The microbubbles used were coated with phosphatidylcholine (PC) lipids of 

various acyl chains (C16, C18, C24), and the phospholipid:lipopolymer ratio was fixed in 

order to isolate the effect of the PC acyl chain length. In addition, the diameter of the 

microbubble samples was kept constant at 4–5 μm in all experiments in order to exclude the 

influence of the microbubble size. Both molecular size (3 kDa and 40 kDa dextran been 

delivered), acoustic pressure (225–600 kPa), and pulse length (100 cycles and 1000 cycles) 

dependences were investigated in order to fully assess the microbubble shell effects on the 

drug delivery efficiency.

The different shelled microbubble dynamics in vivo were also captured during insonification 

using passive acoustic cavitation detection (PCD) in order to potentially uncover the 

physical mechanisms affecting the delivery efficiency such as micro-streaming and micro-

jetting. The signal recorded by PCD is the acoustic emission from the cavitating bubbles, 

which represents the cavitation intensity with the signature of stable and/or inertial 

cavitation. We assume that the detected harmonics and ultraharmonics relate to stable 

cavitation (low and high amplitude bubble pulsation, or decaying oscillation) resulting in 

micro-streaming in a short or long period, and the detected broadband emission to inertial 

cavitation (violent bubble oscillation, bubble breakup or rebound) causing micro-jetting or 

shock wave emission, based on the bubble activities categorized by Leighton [20]. Both 

types of cavitation are thought to contribute to ultrasound-mediated drug delivery.

2. Materials and methods

2.1 Microbubble generation

All the lipids were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA), 

including 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC or C16), 1,2-distearoyl-sn-

glycero-3-phosphocholine (DSPC or C18), 1,2-dilignoceroyl-sn-glycero-3-phosphocholine 

(DLiPC or C24) and 1,2-distearoyl-sn-glycero-3phosphoethanolamine-N-

[methoxy(polyethylene glycol)2000] (DSPE-PEG2000). The perfluorobutane gas (PFB, 99 

wt% purity) used for microbubble generation was obtained from FluoroMed (Round Rock, 

TX, USA).

The lipid-coated microbubbles as shown in Fig. 1A were prepared at a 9:1 molar ratio of 

lipids and lipopolymers (DSPE-PEG2000). They were generated using the probe sonication 

method and size selected to 4–5 μm in diameter using differential centrifugation, as 

described elsewhere [21]. A Multisizer III particle counter (Beckman Coulter Inc., Opa 

Locka, FL, USA) with a 30-μm aperture was used to measure the microbubble size 

distribution (Fig. 1B–C) and concentration. The final size-isolated (4–5 μm) microbubble 

suspension was stored at 4 ºC till the time of injection. All the microbubble samples used for 

this study were freshly prepared within 24 h to ensure experimental consistency.
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2.2 Animal and drug preparation

All animal experiments were conducted in accordance with procedures approved by the 

Columbia University Institutional Animal Care and Use Committee. A total of 123 male 

C57BL/6 mice (Harlan Laboratories, Indianapolis, IN, USA) weighing 20–25 g were used 

for this study. The animals were divided into five experimental groups depending on the 

ultrasound applied and the dextran molecule delivered during the FUS-induced BBB 

opening. The groups were further divided into 38 cohorts based on the experimental 

protocol as listed in Table 1. Before sonication, each mouse was anesthetized using 1–2% 

isoflurane-oxygen mixture (SurgiVet, Smiths Medical PM; Norwell, MA, USA) and its 

scalp fur was removed with an electric clipper and a depilatory cream. A modified 27G×½ 

butterfly catheter (Terumo Medical, Somerset, NJ, USA) was inserted into the tail vein for 

microbubble injection. The animal body temperature was maintained throughout the 

experiment using a heating pad.

Two dextran sizes were used separately as model drugs in this study. The 3-kDa and 40-kDa 

Texas Red-conjugated dextran with a Stoke-Einstein hydrodynamic diameter of 3 nm and 10 

nm respectively were purchased from Life Technologies (Carlsbad, CA, USA) and dissolved 

to the same mass concentration (40 mg/mL) using sterile saline (Fisher Scientific, 

Pittsburgh, PA, USA). Therefore, the fluorescence enhancement was correlated to the mass 

of dextran being delivered rather than number of dextran molecules. All chemicals were 

used as purchased without further purification.

2.3 Ultrasound system for in vivo BBB opening

The experimental setup, as shown in Fig. 2A, was used as previously described [22]. A 

single-element, ring-shaped focused ultrasound (FUS) transducer (center frequency: 1.5 

MHz, focal depth: 60 mm; Imasonic, Besancon, France) was driven by a function generator 

(33220A; Agilent Technologies, Palo Alto, CA, USA) through a 50 dB power amplifier 

(325LA; E&I, Rochester, NY, USA). A pulse-echo transducer (center frequency: 10 MHz, 

focal length: 60 mm; Olympus NDT, Waltham, MA, USA) confocally and coaxially aligned 

with the FUS transducer was used for both targeting and passive cavitation detection (PCD) 

purposes. During the targeting procedure, the pulse-echo transducer was driven by a pulser 

receiver (Model 5800; Parametrics-NDT, MA, USA) in transmit-and-receive mode; while 

for PCD during sonication, it was switched in receive-only mode with 20 dB of 

amplification. The signal was digitized in 50 MHz of sampling rate (CompuScope 1422, 14 

bits; Gage Applied Technologies, Lachine, QC, Canada) and saved for offline processing.

The peak-rarefactional pressure profile used in the present study was estimated based on the 

calibration in degassed water with a bullet hydrophone (HGL-0400; Onda Corp., Sunnyvale, 

CA, USA), and the axial and lateral full-widths at half-maximum (FWHM) pressure of the 

focus were 10.6 mm and 1.3 mm, respectively. The pressure amplitudes were corrected to 

account for 18.1% attenuation through the murine skull as measured previously [8], and the 

derated peak-rarefactional pressure was reported in this study.
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2.4 Experimental procedure

Pulsed FUS (excitation frequency: 1.5 MHz, pulsed length: 100 cycles (67 μs) or 1000 

cycles (670 μs), pulse repetition frequency: 5 Hz, duration: 1 min) at acoustic pressures 

ranging between 225 and 600 kPa was applied transcranially to the targeted left 

hippocampus of the mouse brain while the right hippocampus served as the control without 

FUS. After the FUS transducer was aligned with the targeted region following the procedure 

described previously [8], the sonication procedure as illustrated in Fig. 2B was then 

followed. A 30 s of sonication was performed before microbubble injection as a baseline 

control for PCD. While at the same time the microbubble and dextran solution was prepared 

for the sonication with microbubble injection. The microbubble samples were freshly diluted 

to a final concentration of 8×108 bubbles/mL using sterile saline, and a 30 μL of the diluted 

microbubble suspension was co-administered with 50 μL dextran solution via bolus injection 

through the tail vein 5 s prior to the start of 1-min sonication. In addition, two sham cohorts 

without microbubble injection were injected with either the 3 kDa or the 40 kDa dextrans to 

serve as the basis for comparison of successful drug delivery in the fluorescence imaging 

analysis (see Section 2.5).

A 1-h period was allowed after sonication to enable the dextran to circulate throughout the 

vasculature and to diffuse into the brain parenchyma. At the end of the allotted time, the 

animal was sacrificed by transcardial perfusion using 30 mL phosphate buffer saline (PBS) 

for 5 min followed by 60 mL 4% paraformaldehyde for 8 min. The mouse brain was 

extracted from the skull, post-fixed in 4% paraformaldehyde overnight before sectioning for 

either fluorescence imaging or hematoxylin or eosin (H&E) staining in order to evaluate 

drug delivery efficiency and safety, respectively.

2.5 Fluorescence imaging and analysis

Followed by post-fixation process in Section 2.4, the brains for delivery efficiency analysis 

were cryoprotected (30% of sucrose for 48 hr) and then sectioned horizontally using a 

cryostat (Leica RM2255; Leica Microsystems Inc., Buffalo, IL, USA) into 60-μm slices 

covering the hippocampi. The 60-μm frozen sections were used to quantify the relative 

fluorescence enhancement representing the ratio of dextran (in mass) been delivered to the 

targeted hippocampus through BBB opening relative to the contralateral hippocampus 

(unsonicated), since the dextran mass was kept constant for injection.

The fluorescence intensity measurement was similarly performed following our previously 

reported procedure [22]. Both bright-field and epi-fluorescence images of the brain sections 

were captured using an Olympus DP25 and an Olympus DP30BW digital camera 

respectively mounted on an up-right Olympus BX61 microscope (Melville, NY, USA). 

Briefly, a section representing the ventral-dorsal midline, as determined by anatomical 

landmarks, was first selected, and four adjacent sections were then selected on either the 

ventral or the dorsal side of the midline. The left (sonicated) and the right (unsonicated 

control) hippocampus was manually outlined using MATLAB (Mathworks Inc., Natick, 

MA, USA), and the spatial average fluorescence intensity in the region of interest (ROI) was 

calculated using ImageJ (National Institutes of Health, Bethesda, MD, USA). The relative 

fluorescence enhancement was calculated by dividing the difference in fluorescence 

Wu et al. Page 5

J Control Release. Author manuscript; available in PMC 2016 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



intensity between the left and the right ROIs (removing the auto-fluorescence) by the 

fluorescence intensity in the right ROI (the spatial average of the right hippocampus and 

adding twice its standard deviation). For each brain, the reported fluorescence enhancement 

was thus approximately equal to the sum of the relative fluorescence intensity from all nine 

sections.

A successful dextran delivery for an individual brain was concluded if the fluorescence 

enhancement was higher by two standard deviations relative to the average of the 

corresponding sham cohort. The fluorescence enhancement value for each of the 36 

experimental conditions was obtained by averaging all mice sonicated under the same 

acoustic exposure. 100% opening efficiency was concluded when all the mice evaluated in 

each cohort showed statistically significant dextran delivery.

2.6 Cavitation dose quantification for PCD

Three types of cavitation dose (SCDh, stable cavitation dose using harmonics; SCDu, stable 

cavitation dose using ultraharmonics; ICD, inertial cavitation dose) were quantified as 

described previously [22, 23]. First, each pulse of the PCD signal was calculated into the 

frequency spectrum in MATLAB (Mathworks Inc., Natick, MA, USA). Second, after taking 

the root mean square (rms) of the voltage spectral amplitude, the harmonic signal (n*f; n = 

3, 4, 5, 6; f = 1.5 MHz; maximum amplitude within a bandwidth of 20 kHz around the 

harmonic frequency), ultraharmonic signal (n*f+0.5*f; n = 2, 3, 4, 5; f = 1.5 MHz; 

maximum amplitude within a bandwidth of 20 kHz around the ultraharmonic frequency), 

and the broadband signal in 3–9 MHz between them (applying a comb filter to suppress the 

harmonic and ultraharmonic signal with rejection bandwidths of 350 kHz and 100 kHz, 

respectively) were separately extracted. Third, the mean harmonic, ultraharmonic, and 

broadband signal were taken for each pulse and summed up over all pulses received during 

sonication to acquire SCDh, SCDu, and ICD, respectively. Lastly, the differential cavitation 

doses were computed by subtracting the normalized baseline cavitation doses (30s of 

sonication before microbubble injection). The cavitation doses reported in this study were 

the differential cavitation doses.

2.7 Histological evaluation

The histological examination for safety assessment of the entire hippocampi (both left and 

right) was performed via hematoxylin and eosin (H&E) staining, which can be used to 

identify damaged neurons (dark neurons showing shrunken and triangulated cell bodies) and 

red blood cell extravasations (hemorrhage) [24]. Only representative brain samples (n=6) 

from cohorts sonicated at the highest pressure level (600 kPa) were processed in order to 

assess potentially the most intense damage 1 hr after sonication. Followed by post-fixation 

process in Section 2.4, the brains in the safety assessment study were paraffin-embedded and 

then sectioned horizontally into 6-μm slices with 180-μm gaps covering the hippocampi. The 

bright field images of the stained slices were captured using the same microscope as 

mentioned previously. This histological examination was double-blinded, i.e., without 

knowledge of the microbubble type, the FUS exposure parameters, or the sonicated side.

Wu et al. Page 6

J Control Release. Author manuscript; available in PMC 2016 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.8 Statistical analysis

The median diameters for the three microbubble types were compared using one-way 

ANOVA. The fluorescence enhancement and the cavitation doses for each group across all 

microbubble samples and pressure levels were compared using two-way ANOVA. The 

Bonferroni method was used to compare multiple pairs within the groups. The pair-wise p-

values were considered statistically significant if they were lower than 0.05. In all the 

figures shown in this study, * represents p < 0.05, ** for p < 0.01, *** for p < 0.001, ns for p 

> 0.05, and the error bar for standard deviation. All statistical analyses were performed using 

GraphPad Prism (La Jolla, CA, USA).

3. Results

3.1 Microbubble generation and size-isolation

For each microbubble shell type, the probe sonication and differential centrifugation method 

produced an opaque milky microbubble suspension that was stable during the experimental 

timeframe. The mean, median and mode diameters of all microbubble samples, regardless of 

their shell lipid components, all fell within the range of 4 to 5 μm (Table 2). The 

representative number-weighted and volume-weighted size distributions of the microbubble 

samples as measured by the Coulter Multisizer III are showed in Fig. 1B–C. The size 

distributions and the diameters (mean, median and mode) among all microbubble 

suspensions used throughout the study were found to be statistically the same.

3.2 Drug delivery efficiency

Using fluorescently-labeled dextrans as model drug molecules, the delivery efficiency due to 

FUS-induced BBB opening could be quantified as the relative fluorescence enhancement in 

the sonicated hippocampus over the control. The two sham cohorts (Group 4 for 3-kDa 

dextran, Group 5 for 40-kDa dextran), for which no ultrasound was applied and no 

microbubbles were injected, did not show any change in fluorescence intensity between the 

two hemispheres (Suppl. Fig. 1). Quantified fluorescence enhancement results confirmed 

this observation as no detectable increase in fluorescence intensity between the two ROIs 

was acquired. For the rest of the 36 experimental conditions, the measured fluorescence 

enhancement was compared to their corresponding sham cohort in order to determine 

whether sufficient amount of dextran molecules were delivered to the targeted region. To 

study the shell effect on delivery efficiency with various drug molecule sizes, 3-kDa (Group 

1) and 40-kDa (Group 2) dextrans were used as model drugs after FUS-induced BBB 

opening using 100-cycle (67 μs) pulses. To study the shell effect with various sonication 

pulse lengths, results of 100-cycle pulses (Group 2) and 1000-cycle pulses with 40-kDa 

dextrans (group 3) were compared.

Fig. 3 shows both the representative fluorescence images and the quantified enhancement 

results for Group 1 (3-kDa dextrans with 100-cycle pulses) after BBB opening. Due to the 

small molecular size, successful BBB opening was easily achieved at the lowest pressure 

level (225 kPa): 100% BBB opening efficiency was obtained for all mice regardless of the 

microbubble shell composition, with the exception of 1 mouse from the C24 

microbubble/225 kPa cohort. The representative fluorescence images showed homogeneous 
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dextran diffusion within the sonicated locations with a fluorescence signal detected not only 

within or near large vessels, but also diffusely distributed across the entire hippocampi as the 

pressure increased (Fig. 3C–D, G–H, K–L). However, the difference was found to be 

statistically insignificant between shells (Fig. 3M).

Fig. 4 shows the representative fluorescence images for Group 2 (40-kDa dextrans with 100-

cycle pulses). Under the same acoustic exposures regardless of the microbubble shell type, 

BBB opening was obtained in 100% of the mice sonicated using pressures at or above 300 

kPa. However, at the lowest pressure level (225 kPa), successful BBB opening was not 

consistently achieved: 1 out of 3 mice sonicated using C16 microbubbles and 2 out of 3 

mice sonicated using C24 microbubbles did not show significant fluorescence enhancement. 

C16 microbubbles mediated the smallest dextran diffusion within the targeted hippocampi at 

all pressure levels. Moreover, the detectable dextran signal was predominantly contained 

within the blood vessels even when some diffuse fluorescence enhancement within the 

targeted location was obtained as the pressure was increased above 300 kPa (Fig. 4C–D). On 

the other hand, significantly higher and more diffuse dextran distribution was induced using 

C18 and C24 microbubbles, especially at higher pressures (Fig. 4G–H, 4K–L). The 

quantified fluorescence analysis supported this finding (Fig. 4M). At 450 and 600 kPa, 

significantly higher 40-kDa dextran delivery was detected with both C18 and C24 

microbubbles compared to C16 microbubbles. In addition, C24 microbubbles induced 

significantly more fluorescence enhancement at 600 kPa compared to C18 microbubbles.

Fig. 5 shows the representative fluorescence images for Group 3 (40-kDa dextrans with 

1000-cycle pulses). 100% BBB opening efficiency was obtained in all animals regardless of 

the microbubble lipid chain length. Based on the fluorescence images (Fig. 5A–L), in stark 

contrast with the 100-cycle BBB opening findings, the longer acoustic pulses produced 

significantly more homogeneous diffusion of the 40-kDa dextran, especially with the longer 

C18 and C24 acyl chain lengths. Punctate clusters of dextran were still visible within the 

vessels at all pressure levels. The quantified fluorescence enhancement results showed 

significantly more dextran accumulation within the targeted hippocampi after BBB opening 

using C24 microbubbles at 450 and 600 kPa (Fig. 5M). On the other hand, no statistical 

difference in dextran delivery was detected between the C16 and C18 microbubbles across 

all pressure levels.

3.3 Acoustic cavitation emission

Three different types of cavitation dose (SCDh, ICD, SCDu) were separately quantified 

representing different bubble activities. Stable cavitation dose with harmonics (SCDh) was 

for volumetric oscillation; inertial cavitation dose (ICD) identified drastic bubble oscillation 

and bubble collapse; stable cavitation dose with ultraharmonics (SCDu) was thought to 

identify asymmetric oscillation and shell waves [23]. Fig. 6 shows the quantified acoustic 

cavitation dose during BBB opening using 100-cycle pulses (Fig. 6A–C) and 1000-cycle 

pulses (Fig. 6D–F). Using 100-cycle pulses, the SCDh (Fig. 6A) for C18 and C24 was 

significantly higher than that of C16 at higher pressures, and the ICD and SCDu for C24 was 

the highest (Fig. 6B–C). These results indicated that both C18 and C24 had stronger 

volumetric oscillation, and C24 had the strongest asymmetric oscillation potentially and 
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bubble collapse over the others, corresponding to the 40-kDa dextran delivery efficiency in 

Fig. 4. By increasing the pulse length to 1000 cycles (Fig. 6D–F), the cavitation difference 

among shells was compensated at lower pressures except at 600 kPa where the cavitation 

dose for C24 was still the highest, corresponding to the 40-kDa dextran delivery efficiency 

in Fig. 5.

3.4 Safety

Histological evaluation was performed in order to assess for potential tissue damage 1 hr 

after insonification. Fig. 7 shows the representative images obtained from all brain samples 

sonicated at the highest pressure (600 kPa). This pressure was selected since it represented 

the highest amount of exposed acoustic energy among all three groups. Examination at 

higher magnification did not reveal any discrete damage sites, such as clusters of dark 

neurons, small erythrocyte extravasations, hemorrhage or microvacuolations for brains 

sonicated with C16 microbubbles using either 100- or 1000-cycle pulses (Fig. 7A–B and 

7G–H). Small clusters of dark neurons were identified from the representative brain that was 

sonicated with C18 microbubbles using 100-cycle pulses (Fig. 7C–D), while a few petechial 

hemorrhages were observed within the brain parenchyma sonicated with C18 microbubbles 

using 1000-cycle pulses (Fig. 7I–J). The most discernible abnormalities occurred in the C24 

microbubble cohorts, for which a larger degree of microscopic perivascular hemorrhages 

was detected (Fig. 7E–F and 7K–L). However, the damage to the brain parenchyma was 

negligible. The severity of all observed tissue damages was concluded to be Category 1 to 2 

with Category 0 representing no damage based on the criteria provided by Hynynen et al. 

[25].

3.5 Assessment of opening outcome using acoustic cavitation detection

The acoustic cavitation emission has been used to assess the drug delivery efficiency with 

acoustic responsive agents. In order to investigate whether the cavitation dose for different 

shelled microbubbles followed the same trend for assessing the BBB opening outcomes and 

drug delivery efficiency, both qualitative classification and quantitative analysis were 

performed as shown in Fig. 8. The total stable cavitation dose (SCDh+u, sum of SCDh and 

SCDu) was adopted since it has been reported to correlate well with the drug delivery 

efficiency [22]. For the qualitative analysis (Fig. 8A), the SCDh+u was separated into groups 

of no opening and opening based on the fluorescence results, and into groups of no damage 

and damage based on the histological findings. Despite the overlap, the SCDh+u of the 

opening group was significantly higher than that of the no opening group for both 100-cycle 

and 1000-cycle pulses. The SCDh+u of the no damage group was lower than that of the 

damage group. For quantitative analysis (Fig. 8B), the fluorescence enhancement was 

positively correlated with SCDh+u for both 100-cycle and 1000-cycle pulses. The correlation 

curve of the SCDh+u for different shelled microbubbles showed no difference.

4. Discussion

In this study, microbubbles with different phospholipid shell components were utilized to 

facilitate targeted drug delivery in the brain after FUS-induced BBB opening in mice. Based 

on the fluorescence analysis, our results clearly showed that increasing the hydrophobic 
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chain length of the phospholipid had a substantial effect on the larger 40-kDa dextran 

delivery (Fig. 4) while such effects were minimal for smaller molecules (3 kDa) (Fig. 3). 

Increasing the acoustic pulse length did not alter the shell effects using C24 microbubbles 

although the difference in 40-kDa dextran delivery amount became insignificant between the 

C16 and C18 microbubbles (Fig. 5). Histological examination showed increasing likelihood 

of minor tissue damage with the hydrophobic chain length (Fig. 7), further supporting our 

hypothesis that microbubble shell physicochemical properties directly affected their ability 

to mediate FUS-induced BBB opening. Quantified acoustic cavitation emission revealed 

possible physical mechanisms of the shell effects (Fig. 6), and was used to assess the 

opening outcome as well (Fig. 8). Our data suggests that, for a given acoustic exposure and 

microbubble size, the delivery efficiency is largely dictated by the microbubble shell. These 

results provided insight into how the shell composition might be used to increase the 

therapeutic efficacy in order to develop a more drug-specific FUS-induced BBB opening 

technology.

4.1 Microbubble shell physicochemical properties determining the drug delivery efficiency

Enhanced drug delivery with hydrophobic chain length in lipid-shelled microbubbles could 

be caused by the differences in (i) mechanical properties of the microbubbles, (ii) lipid 

buildup and shedding behavior, and (iii) microbubble persistence. Although the study was 

performed in FUS-induced BBB opening, the same concept may be applied to focused 

ultrasound and microbubble mediated drug delivery applications in general.

First, the difference in microbubble mechanical properties may affect the drug delivery 

efficiency by changing the force applied on the cell membrane through micro-streaming and 

micro-jetting during cavitation. For a lipid-shelled microbubble with longer hydrophobic 

chain length, the surface shear viscosity and surface yield shear were both higher, meaning 

that the shell became more rigid as the resistance to the shear deformation increased [17]. 

Besides, the microbubble stiffness may vary by adjusting the shell composition. As reported 

by Chen et al. using atomic force microscopy [26], the stiffness of C18 microbubbles in 4–5 

μm was 15 mN/m, and adjustment of the shell composition could affect the overall stiffness 

[27]. Those differences could result in different shear stress on the cell membrane during 

cavitation as reported in simulation [18, 19].

Second, lipid buildup and shedding for microbubbles with longer hydrophobic chain length 

during cavitation could influence the process of drug delivery. Using high-speed 

microscopy, Borden et al. showed that microbubbles coated with longer hydrophobic chains 

had more cohesive shells and thus showed a higher probability of lipid buildup on their 

shells during sonication [13]. Therefore, it was possible that C18 and C24 microbubbles 

underwent a significant increase of the surface area through lipid buildup that has led to an 

increased contact area with the capillary endothelium during insonification. This induced 

higher shear stress along the vessel walls that may have led to more efficient drug delivery 

than with C16 microbubbles. In addition, the potentially increased shear stress could also 

explain the increased likelihood of minor petechial erythrocyte extravasation observed based 

on histological examination (Fig. 7). On the other hand, although microbubbles with shorter 

hydrophobic chains had lower delivery efficiency, their lipid shedding mechanism may 
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benefit the drug delivery applications using drug-loaded microbubbles [28–30]. C16 and 

C18 microbubbles with less cohesive shells could experience quasi-continuous to discrete 

phases of excessive lipid shedding and are capable of generating new micron-scale or 

smaller lipid vesicles [12, 13]. This mechanism has been used for multimodality imaging by 

converting microbubbles to nanoparticles after applying ultrasound [31]. Those small 

vesicles if carrying drugs could potentially be delivered to the cell as drug-loaded 

nanobubbles [32, 33].

Third, higher persistence for microbubbles with longer hydrophobic chain lengths during 

cavitation and circulation in vivo may enhance the drug delivery efficiency as well. It was 

reported that longer-acyl-chain (C18 or C24) microbubbles had higher resistance to natural 

gas permeation [12], acoustic dissolution and monolayer collapse due to the increased 

intermolecular cohesiveness of the shell [13–15]. Therefore, it is plausible to assume that the 

increased monolayer stability for microbubbles coated with longer acyl chains could prolong 

the in vivo microbubble persistence during circulation and insonification, which could 

ultimately lead to increased dextran delivery. Even though Garg et al. showed that a 

hydrophobic mismatch could reduce the circulation time of DLiPC:DSPE-PEG5000 

microbubbles [34], we did not observe any significant decrease in persistence of our C24 

microbubbles based on the cavitation signal acquired during sonication when compared to 

C16 or C18 microbubbles. We attribute the discrepancies between these two studies to the 

differences in the experimental designs, including microbubble dosage, sonication and 

detection duration, signal detection methods including targeting organs (brain through the 

skull vs. kidney) as well as acoustic pulse sequences (different mechanical indexes, pulse 

lengths, pulse repetition frequencies).

4.2 Shell properties determined the delivery efficiency of large molecules

The observed microbubble shell effect appeared to be molecular size-dependent. Based on 

fluorescence analysis, there was no significantly different delivery amount detected for 3 

kDa dextran among the various microbubble shells at each pressure (Fig. 3), while a 

difference was obtained at 40 kDa dextran delivery at pressures causing microbubble 

destruction or inertial cavitation (450 kPa and 600 kPa) (Fig. 4 and Fig. 5). This suggests 

that the microbubble shell effects were only dominant if the delivered agent has a size above 

that threshold, since a large amount of small molecules could easily permeate across the 

BBB in a short time until reaching saturation. Moreover, it also indicates that microbubbles 

of longer hydrophobic chain (C24) could be used to enhance the delivery efficiency of large 

molecules. This is promising since delivering large molecules has been shown challenging 

after BBB opening [35, 36].

4.3 Acoustic energy (by varying pressure and pulse length) modulated the shell effects

The shell effects occurred most significantly at pressures causing microbubble destruction or 

inertial cavitation (450 kPa and 600 kPa) (Fig. 4 and Fig. 5) may be due to more lipid 

buildup that cause higher shear stress generated on the cell membrane. The lipid buildup 

behavior during insonification may be dominant at intermediate or high pressures since the 

bubble oscillation amplitude is higher. This is consistent with the previous study using a 
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pressure of 400 kPa or higher to observe lipid buildup in the microbubble shell with a high-

speed camera [13].

Increasing the pulse length did not alter the general trend of the microbubble shell effect 

although the difference in fluorescence enhancement between C16 and C18 microbubbles 

became statistically insignificant (Fig. 5). As shown in previous studies, the drug delivery 

efficiency increased with the pulse length until it reached to a plateau [37]. This principle 

could also be applied to microbubbles of various hydrophobic chain lengths. The 

significantly longer pulse length effect for C24 microbubbles may be due to the bubble’s 

higher persistence to dissolution and collapse in vivo as the delivery efficiency remained 

significantly higher than others. Our data suggests that the increased pulse length could be 

used to compensate for the microbubble shell effects when the hydrophobic chain lengths 

were close (e.g., C16 and C18). Furthermore, using microbubbles of longer hydrophobic 

chain length in combination with longer pulse length could maximize the delivery efficiency 

for large molecules.

Overall, it is possible that the shell effects on drug delivery efficiency were dependent on the 

interactions between the acoustic energy and the drug properties, such as molecular size, 

molecular structure (linear vs. globular), and hydrophobicity (water-soluble vs. lipid-

soluble). In the future, additional systematic and parametric studies could be performed to 

determine the optimal ultrasound and microbubble combination that achieves optimal 

delivery dose for various drugs without compromising safety.

4.4 Acoustic cavitation detection revealed the microbubble shell effects

Passive cavitation detection (PCD) revealed the possible physical mechanisms behind the in 

vivo microbubble shell effects. PCD offers an indirect way to record the microbubble 

dynamics in vivo both noninvasively and transcranially, in which other methods such as 

high-speed camera or B-mode imaging could hardly achieve. PCD records cavitation 

signatures including stable and inertial cavitation causing micro-streaming and micro-jetting 

[20]. The quantified SCDh could be related to microbubble circulation persistence which is 

usually measured with B-mode imaging, ICD to shock wave or force generated by 

microbubble collapse, and both SCDh and SCDu (SCDh+u) to the shear stress applied on the 

cell membrane, which were thus used to assess the BBB opening outcome (Fig. 8). In these 

scenarios, the circulation persistence and the strength from microbubble collapse for C24 

may surpass other microbubbles, thereby delivering more 40kDa dextrans to the brain.

4.5 The most intense tissue damage was minor and recoverable

Histological evaluation was performed for cohorts using the highest pressure (600 kPa) and 

sacrificed 1 hr after sonication in order to assess the most intense tissue damage within the 

first hour. Although it showed an increased likelihood of petechial hemorrhage with 

increasing hydrophobic chain length as well as one case with dark neurons using C18 

microbubbles, those damage were minor (Categories 1–2) which usually came without 

ischemic neurons or cell apoptosis [25]. Further, both dark neurons [24] and red blood cell 

(RBC) extravasations [38] were recoverable.
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More intensive toxicological assessment of ultrasound-mediated BBB opening was 

performed in non-human primates, paving the way to clinical applications. First, the BBB 

opening was reversible, which was reported to recover within four days after an opening 

without detected hemorrhage or edema [39]. Second, short-term safety evaluation using 

MRI within 48 hr after sonication showed that repetitive BBB opening without detected 

hemorrhage or edema was achievable [39, 40]. Third, long-term safety evaluation using 

histological staining after consecutive sonication over several months showed only a small 

degree of RBC extravasations (Categories 1–2) with no evidence of other tissue or cell 

damage such as demyelination and apoptotic bodies [40]. Forth, no functional deficits such 

as acuity was found in behavioral tests from hours to months after repetitively inducing 

BBB opening in visual area [40].

5. Conclusion

The effects of the microbubble shell physicochemical properties on drug delivery efficiency 

using ultrasound have been characterized using microbubbles of three phospholipids with 

increasing hydrophobic chain lengths (C16, C18, C24) for drug delivery to the brain through 

BBB opening. The entire process was monitored using passive acoustic cavitation detection 

(PCD) in order to shed light on the physical mechanisms behind the shell effects. The 

dependence on both the molecular size and acoustic energy (by varying pressure and pulse 

length) were studied. We showed that relatively small changes in lipid hydrophobic chain 

length resulted in a significant increase for large (40 kDa) but not for small (3 kDa) dextran 

delivery, and the acoustic energy modulated the shell effects on the delivery efficiency. The 

C24 microbubble was deemed to be the most efficient for large-molecule delivery. Acoustic 

cavitation detection revealed possible mechanisms with different shells, and the findings 

showed a good correlation between the delivery efficiency and tissue damage for different 

shelled microbubbles.
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Fig. 1. 
Schematic of the lipid-shelled microbubble used in this study (A) and their representative 

size distribution in number (B) and volume (C). Three different lipid acyl chain lengths 

(C16, C18, C24) were used to generate microbubbles of different physicochemical 

properties, while the emulsifier (DSPE-PEG2000), the molar ratio between the main lipid 

and the emulsifier (9:1), the gas core (PFB), and the size of the microbubbles (4–5 μm) were 

kept the same in order to focus on the effects of lipid hydrophobic chain length. The size of 

the different-shelled microbubbles was statistically the same (Table 2). All microbubble 

suspensions were diluted to the same concentration (8×108 particle/mL) immediately prior 

to injection.
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Fig. 2. 
Experimental setup (A) and timeline (B) for FUS-induced BBB opening in vivo. A focused 

ultrasound (FUS) transducer in was used for sonication, while a pulse-echo transducer at the 

center of the FUS transducer was used to for both targeting and passive cavitation detection 

(PCD) purposes. After the targeting procedure, a 30 s of sonication before microbubble 

injection was performed as a baseline control for PCD. The freshly diluted microbubble 

solution was then co-administered with dextran intravenously, and the 1-min sonication for 

BBB opening started 5 s after injection. 1 hr after the end of sonication the mice was 

sacrificed using transcardial perfusion, and its brain was extracted and preserved for future 

processing.
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Fig. 3. 
Effects of lipid hydrophobic chain length on delivery efficiency for 3-kDa dextran after 

FUS-induced BBB opening using 100-cycle (67 μs) pulses. (A–L) Representative 

fluorescence images comparing the targeted and the control (insets) hippocampi when C16, 

C18 or C24 microbubbles were used to mediate BBB opening at various pressures. The 

scale bar in A depicts 1 mm. (M) The quantified fluorescence enhancement between the 

sonicated and the control ROIs showed no significant shell effect on the 3-kDa dextran 

delivery across the BBB.
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Fig. 4. 
Effects of lipid hydrophobic chain length on delivery efficiency of 40-kDa dextran after 

FUS-induced BBB opening using 100-cycle (67 μs) pulses. (A–L) Representative 

fluorescence images compare the targeted and the control (insets) hippocampi when C16, 

C18 or C24 microbubbles were used to mediate BBB opening at various pressures. The 

scale bar in A depicts 1 mm. (M) The quantified fluorescence enhancement between the 

sonicated and the control ROIs showed significant shell effects on the 40-kDa dextran 

delivery across the BBB at higher pressures.
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Fig. 5. 
Effects of lipid hydrophobic chain length on delivery efficiency of 40-kDa dextran after 

FUS-induced BBB opening using 1000-cycle (670 μs) pulses. (A–L) Representative 

fluorescence images compare the targeted and the control (insets) hippocampi when C16, 

C18 or C24 microbubbles were used to mediate BBB opening at various pressures. The 

scale bar in A depicts 1 mm. (M) The quantified fluorescence enhancement between the 

sonicated and the control ROIs showed significant shell effects with C24 microbubbles on 

the 40-kDa dextran delivery across the BBB at higher pressures.
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Fig. 6. 
Quantified acoustic emission detected during BBB opening at various pressures and pulse 

lengths. For 100-cycle pulses, stable cavitation dose with harmonics (SCDh) (A), inertial 

cavitation dose (B), and stable cavitation dose with ultraharmonics (SCDu) (C) was 

calculated. The three types of cavitation dose for 1000-cycle pulses were also quantified (D–

F).
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Fig. 7. 
Representative histological images of the targeted (left) and control (right) hippocampi using 

100-cycle (A–F) and 1000-cycle pulses (G–L) at 600 kPa. No erythrocyte extravasation, 

dark neurons, gross hemorrhage or microvacuolations were observed when C16 

microbubbles were used to mediate BBB opening using either 100-cycle (A–B) or 1000-

cycle (G–H) pulses. Small clusters of dark neurons (indicated with stars) were identified 

when C18 microbubbles were used with 100-cycle pulses (C–D), while a few petechial 

hemorrhages (indicated with triangles) were observed with 1000-cycle pulses (I–J). Larger 

degree of perivascular hemorrhages was seen with C24 microbubbles regardless of the pulse 

length (E–F, K–L). The scale bar in A depicts 1 mm.
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Fig. 8. 
Using stable cavitation dose (SCDh+u = SCDh + SCDu) to evaluate the opening outcomes 

qualitatively for classification (A) and quantitatively for delivery efficiency assessment (B). 

In the qualitative analysis (A), the SCDh+u was separated into groups of no opening and 

opening (fluorescence enhancement was higher than the mean plus 2 times of standard 

deviation of the sham cohort), while based on the histological results it was separated into 

groups of no damage and damage (erythrocyte extravasation or dark neurons appeared). In 

the quantitative analysis (B), the fluorescence enhancement was positively correlated with 

the SCDh+u, with a R2 of 0.63 and 0.61 using linear fitting for 100-cycle pulses and 1000-

cyle pulses, respectively.
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Table 2

Microbubble physical propertiesa

Microbubble
Mean Diameter (μm) Median Diameter (μm) Mode Diameter (μm)

Mean ± SD Mean ± SD Mean ± SD

DPPC (C16) 4.30 ± 0.20 4.25 ± 0.20 4.26 ± 0.21

DSPC (C18) 4.28 ± 0.15 4.26 ± 0.20 4.30 ± 0.16

DLiPC (C24) 4.20 ± 0.10 4.16 ± 0.16 4.24 ± 0.12

a
Numbers shown here are from the number-weighted size distributions.
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