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Introduction 
Peripheral arterial disease (PAD) represents a challenging clinical problem affecting 15–20% of people over 
70 years of age due to the diffuse nature of atheroma deposition throughout the arterial bed [1].  
Atherosclerotic PAD affects 202 million people worldwide and leads to serious health complications, 
including limb amputation [2].  PAD stent implantation ameliorates flow, but ~15% of patients lose patency 
a year following treatment due to in-stent and peri-stent restenosis [3-8].  Studies of drug eluting stents in 
PAD have reported disappointing long-term results [9].  The development of a methodology to stabilize the 
vascular bed at stent implantation to obviate neointimal hyperplasia, a major cause of stent restenosis, is 
needed. Pioglitazone (PGN) is a peroxisome proliferator activated receptor-gamma (PPARγ) agonist that 
reduces pro-inflammatory cytokines [10-12] and generates anti-inflammatory and anti-arteriosclerotic 
effects [13-15].  Ultrasound-mediated delivery of PGN to the arterial bed was observed in a swine atheroma 
model [16-18].  To explore the mechanism of enhanced PGN delivery, the purpose of this collaborative 
study was to determine if PGN-loaded echogenic liposomes (PGN-ELIP) infused through an EKOS™ 
catheter (Boston Scientific, Maple Grove, MN, USA) nucleated sustained inertial and stable cavitation. The 
EKOS™ Endovascular System is an FDA-cleared catheter for 
ultrasound-mediated infusion of physician-directed therapeutics 
into the peripheral vasculature and pulmonary arteries [16,18-20]. 

Methods 
Echogenic Liposome Formulation: 
Pioglitazone-loaded echogenic liposomes (PGN-ELIP) conjugated 
to a fibrin-binding peptide, PAFb, or gly-pro-arg-pro-pro-gly-gly-
gly-cys, were manufactured at UT Health Sciences Center, Houston 
and shipped on ice packs to University of Cincinnati (Fig. 1). The 
amino-terminal pentapeptide binds to fibrin [18,21-23], which is a 
marker for late-stage atheroma [24]. This peptide is not expected to 
be immunogenic or to elicit foreign protein reactions by patients 
and is thus an innovative targeting strategy [18].  

PGN-ELIP characterization: The size distribution, acoustic attenuation, and PGN dose of PGN-ELIP were 
evaluated before and after infusion through EKOS™ catheters (Fig. 2) [25]. The PGN-ELIP size ranged 
from 0.6 to 3.0 μm and before infusion the peak number density was 5.0 ± 0.6 × 108 ELIP/mL, which is 
consistent with previous measurements of therapeutic-loaded ELIP [26-28]. Acoustic attenuation of PGN-
ELIP decreased after infusion through the EKOS™ catheter [25]. Using high-performance liquid 
chromatography, PGN doses of 432.0 ± 128.3 μg and 202.0 ± 51.2 μg were quantified before and after 
infusion through quiescent EKOS™ catheters, respectively, indicating the PGN can traverse the catheter 
[25]. 

Figure 1. Schematic of PGN-
loaded echogenic liposome 
structure. 
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Passive Cavitation Imaging:  
Passive cavitation imaging was used to quantify and map bubble activity originating from DEFINITY® or 
PGN-ELIP infused through an EKOS™ catheter with therapeutic ultrasound (TUS) transducers (Fig. 2) 
operated at fixed acoustic output pressure amplitudes in a flow phantom mimicking porcine femoral arterial 
flow (Fig. 3) [19,20,25]. 

Results and Discussion 
Fig. 4 displays the spatial 
distribution of echogenicity and 
cavitation energy within the 
arterial flow phantom tube 
lumen when either DEFINITY®

or PGN-ELIP were infused 
through EKOS™ catheters. 
Cavitation was sustained during 
3-min infusions for both agents
along the entire distal 6 cm
treatment zone of the catheter.
Ultraharmonic and inharmonic
emissions indicative of stable
and inertial cavitation were
detected along the catheter
treatment zone at drive pulse
powers of 9, 18 and 47 W (peak
rarefactional pressures of 0.67,
0.95, and 1.47 MPa at the
surface of the catheter, or MIs
from 0.28 to 0.93). For PGN-
ELIP infusions at drive pulse
powers above 9 W, 
ultraharmonic and inharmonic 
energies were similar and 
observed throughout the lumen. 
DEFINITY® nucleated 
approximately an order of 
magnitude more cavitation activity than PGN-ELIP [25] and thus infusion of this echo contrast agent with 
a dilute non-targeted solution (without liposomal encapsulation) of PGN may augment drug delivery into 
the arterial wall, though may come with added risk of damage both to the endothelium and distal capillary 
bed if infused intraarterially. Note that PGN, a lipophilic drug, has very low solubility in aqueous solutions 
(46.85 μg/mL at 25°C) [29]. Thus, only a limited PGN dose would be possible without liposomal 

Figure 2. Schematic of EKOS™ catheter with 12 pairs of 2-mm long, 2.25 MHz therapeutic ultrasound 
(TUS) transducers. The first six TUS transducer pairs were quiescent while the distal six TUS transducer 
pairs were active and sonicated the microbubbles. The first six drug delivery holes were located proximal 
to the active transducers, enabling localized release of microbubbles and drug for ultrasound-mediated 
pioglitazone delivery [19,20,25]. 

Figure 3. Schematic of flow phantom setup for passive cavitation 
acquisitions. Saline at 37°C was circulated from the reservoir, over the 
catheter, and back to the reservoir. The L11-5v array imaging plane 
included the first proximal active EKOS™ TUS transducer pair 
[19,20,25]. 
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encapsulation. Without fibrin targeting, direct infusion of a dilute solution of PGN 46.85 mg/L [29] through 
stented arterial tissue may not achieve the needed dose to achieve prevention of peri-stent restenosis. 

 
Conclusion 
These studies demonstrate PGN-ELIP can traverse the catheter at a therapeutically effective concentration 
for ultrasound-mediated delivery to the arterial bed. Though the EKOS™ catheter was not designed 
specifically for cavitation nucleation, infusion of PGN-ELIP or DEFINITY® can be employed with an active 
EKOS™ catheter to trigger and sustain bubble activity for enhanced intravascular drug delivery. 
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Introduction 
Focused ultrasound (FUS)-mediated blood-brain barrier (BBB) opening is an image-guided treatment 

modality for local drug delivery to the central nervous system. In vivo treatment monitoring is achieved via 
contrast-enhanced magnetic resonance imaging (MRI); however, in the grey matter (GM) contrast uptake is 
3-5 times greater than in the white matter (WM)[1], when identical acoustic parameters are used. Differences
in WM and GM BBB opening have been reported in both animal models (rats [2], dogs [3], non-human
primates [4]) and humans [5], possibly due to greater extravascular spaces and 8x lower vascular densities
in the WM [6].

The objective of this study is to characterize BBB-opening in GM and WM following single and 
repeated FUS exposures and to correlate the achieved drug distribution to MRI measures of BBB opening. 

Methods 
Experiments were conducted in rats using a preclinical treatment platform, and in pigs on a clinical MRI 

guided FUS system. On the preclinical system (LP-100, FUS instruments), six Fischer-344 rats underwent 
repeated FUS BBB opening sessions. The procedure included the use of feedback-controlled pressures [7] 
and the following acoustic parameters: 580 kHz, 10ms burst, 1Hz pulse repetition frequency, 2 min duration. 
A clinical system (ExAblate Neuro MRgFUS) was used in a cohort of four Yorkshire pigs. The procedure 
differed in the use of a feedback-controlled power algorithm [8] with the following parameters: 220 kHz, 
5ms burst, 1Hz pulse repetition frequency, 2 min duration. The prescribed cavitation dose, based on prior 
human studies [8], was 0.3 with a maximum power of 30W. 

In both rat and pig experiments, each treatment was repeated at 30-minute intervals targeting the 
unilateral internal capsule and thalamus. Definity microbubbles were administered intravenously for each 
sonication, as a bolus in rats (20μL/kg), and as a continuous infusion throughout the exposure duration in 
pigs (0.8μL/kg/min). Bevacizumab, an anti-tumoral monoclonal antibody, was delivered intravenously, and 
in the case of the rat experiments it was conjugated with a fluorophore for later characterization with light-
sheet microscopy. Following FUS exposure, 0.1ml/kg Gadovist was administered intravenously. Images 
were acquired at baseline and after each treatment, with analyses performed following registration to a brain 
atlas. T1-mapping (via the Barral equation model) and T1-weighted images were employed to measure 
contrast-enhanced signal changes, while T2

*-weighted images were used to assess tissue damage.  
Following necropsy, drug deposition was measured. Two rat brains were extracted and cleared in 

CUBIC solution for imaging via light sheet fluorescence microscopy (LSFM). Treated and contralateral 
control areas of four pig brains were homogenized for drug concentration quantification via enzyme-linked 
immunosorbent assay (ELISA). 

Results 
In rats, following the first treatment, the post-contrast change in T1 relaxation time was -3.7±1.1% 
(normalized to the contralateral hemisphere) in the GM, and +0.28±0.1% in the WM (p<.001). After a 
second sonication, the change in T1 in the treated hemisphere was -11.9±3.6% in GM and -12.6±3.8% in 
WM (p=0.465). LSFM revealed the fluorescent drug signal was highest in the focus regions with intensities, 
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relative to contralateral, of 267.7±35.3 in the cortex, 355.0±45.1 in the thalamus and 251.9±40.3 in the WM; 
decreasing with distance and detectable up to 4.5mm from the focus. 

In pigs, to ensure an equal cavitation dose at each target tissue, the delivered power was automatically 
adjusted in real-time, resulting in 9.00±3.36 W for GM and 12.90±5.28 W for WM (p<.001). Following a 
single treatment, contrast enhancement measured on T1-weighted images in the GM and WM was 
20.5±11.1% and 21.5±8.6% (p=.360), respectively decreasing to 6.1±3.3% and 5.4±4.2% (p=.220) at 70 
minutes. After a second exposure, enhancement was 19.7±12.5% in GM and 21.8±8.8% in WM (p=.470), 
while 15.3±8.4% in GM and 18.3±5.2% in WM (p=.064) after a third exposure, with no statistical 
differences between each session. No differences in bevacizumab deposition were found between GM and 
WM, however, a linear relationship for total drug deposition was determined, accounting for tissue types 
and total administered ultrasound power over multiple treatment sessions (R2 = .514). 

T2* effects, suggestive of tissue damage, were absent in both animal models. 

Conclusions 
In rats, on a preclinical system, contrast enhancement following FUS-induced BBB-opening 

quantitatively demonstrated the need for a second sonication in the white matter to obtain similar levels of 
permeabilization to the grey matter. 

In pigs, on a clinical system, the larger brain and white matter structures enabled individual targeting of 
each tissue type. It was observed that to achieve an equal cavitation dose, higher ultrasound power was 
required in the white matter. Contrast T1-weighted imaging showed similar signal changes between tissues 
following either single or repeated treatments. At 70 min. following a single sonication, the signal in the 
treated region returned to almost baseline, while repeated exposures at 30-minute intervals enabled sustained 
BBB permeability to imaging contrast. 

These results quantitatively demonstrate the necessity of tissue-specific acoustic parameters and 
treatment strategies to achieve BBB-opening in both small and large animal models.  
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Introduction 
Sonoporation has demonstrated potential in transiently perforating cell membrane to facilitate drug 

delivery. However, the multitude of cellular bioeffects that may be induced by sonoporation has not been 
properly substantiated with convincing evidence, and such lack of knowledge has hampered the design of 
efficient sonoporation protocols for drug delivery applications. One caveat with the majority of ultrasound-
mediated drug delivery experiments is that cells sonicated in the presence of microbubbles were presumed 
to be all sonoporated, but this is not necessarily true. In recent years, we have actively investigated how 
sonoporation may disrupt cellular development in ways that are distinguished from the bioeffects observed 
in other sonicated and unsonoporated cells. 

Methods 
A population-based experiment protocol has been meticulously devised to specifically identify cell 

groups of interest attributed to different forms of sonication exposure. This protocol involved the use of an 
immersion-based exposure setup with in-situ field calibrations (0.5MPa average peak negative pressure in-
situ). Its transducer delivered 1-MHz ultrasound pulses (100-cycle duration, 1 kHz PRF, 30 s exposure 
period, 29.1 J/cm2 acoustic energy density) to the cell chamber, which was a 0.6mL-volume sealable 
labware with cover layers thinner (0.13-0.18 mm) than the ultrasound wavelength. In each trial, different 
cell types (leukomeia cells, leukocytes, etc.) and microbubbles (2e7/ml, 1:1 cell-bubble ratio) were 
suspended in medium and were added to the cell chamber together with calcein (sonoporation tracer). After 
30s exposure, the cells were sorted using flow cytometry that analyzed the fluorescence of calcein and PI 
(viability indicator; added after exposure). Two cell groups were thus isolated: sonoporated (SNP+) 
(calcein+) and unsonoporated (SNP-) (calcein-). Two bioassays – cell proliferation (CCK-8), apoptosis 
(Annexin-V/PI flow cytometry) – were conducted on SNP+ and SNP- groups at 3, 8, 12, 24h after exposure. 
Real-time qPCR analysis was also performed on cells 3 h after exposure to study the genetic expression of 
heat shock proteins and other signaling pathways that were activated during cellular stress. 

Results 
SNP+ and SNP- groups exhibited different downstream bioeffects. Over 24 h, the SNP+ group barely 

restored a cell proliferation trend (24-h proliferation rate: 0.56) and showed significant apoptosis (54.6% of 
SNP+ cells were PI+). In contrast, the SNP- group had limited apoptosis (16.8%) and restored cell 
proliferation 8h after exposure (24-h proliferation rate: 1.31). Genes of HSP70 (HSPA1A, HSPA1B, 
HAPA6) were significantly upregulated for the SNP+ group after 3 h, whereas the corresponding genes had 
no significant change for the SNP- group.   

Conclusions 
Our investigation has served well to underscore how sonoporation may instigate a variety of cellular 

impact over time. This new body of mechanistic knowledge can be leveraged in different ways. For instance, 
in sonoporation-mediated chemotherapy, where the ultimate outcome is cell death, the intended drug action 
can be designed to synergize with the antiproliferation impact induced by sonoporation. In other drug 
delivery applications where cell survival is desired, efficiency may be improved by targeting HSP-70 
signaling as a potential modulation pathway to boost the cytoprotective response of sonoporated cells, since 
our investigation has revealed that HSP-70 genes were upregulated as a cytoprotective maneuver to promote 
post-sonoporation cell recovery. 
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Figure 1. Downstream cellular impact observed in unsonoporated cells (left) and sonoporated cells (right), 
as derived from the experimental findings. (Adopted from [1]) 
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Introduction  

Progressive adverse left ventricular (LV) remodeling after acute myocardial infarction (AMI) is a 
common and severe complication leading to heart failure, frequent hospitalization, and death.1   It is 
characterized by infarct expansion (infarct dilation and thinning) occurring within hours after AMI.  This is 
followed by LV dilation, hypertrophy, and fibrosis in both the post-ischemic and remote non-ischemic beds 
over the ensuing months, culminating in systolic dysfunction disproportionate to the initial infarct size.  
Current pharmacologic treatments merely delay progression and do not incorporate contemporary insights 
into dysregulated gene expression driving post-AMI remodeling.  There is thus a vital unmet need for 
treatment strategies that target newly identified pathways, such as the role of microRNAs (miR), in the 
development of adverse remodeling.2  miRs are endogenous single-stranded short non-coding RNAs that 
regulate normal gene expression by complementary binding to target messenger RNAs (mRNAs), causing 
mRNA degradation or translational repression.2  However, miRs can be abnormally expressed in 
cardiovascular diseases, such as adverse remodeling.  As such, delivery of oligonucleotide miR mimics or 
inhibitors is a promising approach to modulate expression of dysregulated miRs implicated in LV 
remodeling.  For example, miR-92a inhibition with an antisense oligonucleotide (antimiR) that binds to 
miR-92a has cardioprotective effects on AMI and remodeling.3  Unfortunately, delivery of RNA therapies 
is a major hurdle, with standard non-targeted strategies showing poor efficacy and off-target effects.4 To 
overcome this hurdle, we have developed ultrasound-targeted microbubble cavitation (UTMC), a 
theranostic ultrasound-based targeted approach for delivery of RNA therapies. We hypothesize that UTMC-
mediated cardiac antimiR-92a delivery will mitigate adverse cardiac remodeling post-AMI.   

Methods 
Lipid microbubbles (MB) loaded with antimiR-92a (antimiR-92a-MB) or negative control antimir 

(antimiR-NC-MB) were synthesized as previously described.5-7  Anesthetized Wistar rats underwent 
thoractomy, then 60 min occlusion of the left anterior descending coronary artery (LAD) followed by 
reperfusion.  Upon reperfusion, rats received intravenous or UTMC-mediated delivery of antimiR-92a 
(0.1mg/Kg) or UTMC delivery of antimiR-negative control during 15 minute infusion and UTMC delivery.    
UTMC was implemented using a clinically available scanner (SONOS 7500, Philips) and probe (S3, 
f=1.3MHz, MI 1.0, 4 frames/burst, 1 burst/second).  Other rats received either no LAD occlusion (no AMI) 
or LAD occlusion/reflow only (AMI, no treatment) (n=3 rats per group).  qPCR of heart and kidney, and 
2D echo were performed 2 or 7 days later, respectively. 

Results 

At 7 days post AMI, echo showed normal LV cavity dimensions and restored anterior wall (LAD 
territory) contraction in antimiR-92a-MB + UTMC treated rats; there was persistent LV dilatation and 
anterior hypokinesis in those receiving no treatment, antimiR-NC + UTMC delivery, or i.v. antimiR-92a.  
Infarct size (TTC staining) was smallest in the antimiR-92a + UTMC rats compared to untreated and 
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antimiR-NC + UTMC treated rats.  qPCR showed a beneficial effect of inhibiting abnormally elevated 
cardiac miR-92a levels during ischemia, and consequent de-repression of its cardioprotective target gene, 
Itgα5, by UTMC delivery of antimiR-92a, which was not seen in the other groups.  

To assess off-target effects from systemic circulation of free antimiR-92a, we evaluated miR-92a 
and Itgα5 expression in the kidney.  Unlike what we saw in the heart after antimiR-92a-MB + UTMC, there 
appeared to be no major change in renal miR-92a nor Itgα5 levels.  This suggests low systemic circulation 
of free antimiR-92a after UTMC cardiac delivery, and that UTMC concentrated antimiR-92a preferentially 
in the heart. 

Conclusions 

In this rodent model of AMI and post infarct remodeling, our data suggest that UTMC-mediated 
antimiR-92a delivery to the heart is therapeutically effective and outperforms i.v. delivery with respect to: 
(1) attenuation of remodeling and preservation of LV function; (2) reduction in infarct size; (3) 
downregulation of abnormally elevated cardiac miR-92a with ischemia, resulting in therapeutic cardiac de-
repression of target genes; and (5) preferential delivery to the heart, while sparing extra-cardiac tissue.  
UTMC-mediated delivery antimiR-92a is a promising approach to averting adverse sequelae of AMI; this 
platform may be generalizable to the delivery of other therapeutic oligonucleotides directed towards  
otherwise “undruggable” genes that drive cardiovascular disease. 
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Introduction 
In 2020, primary liver cancer accounted for a significant number of cancer-related deaths worldwide, 

with hepatocellular carcinoma (HCC) comprising between 75% and 85% of cases[1]. Unfortunately, 
treatment options for HCC remain limited and largely depend on the tumor stage and the patient's overall 
health. Due to the late diagnosis of the disease and the limited treatment options available, the prognosis for 
HCC is generally poor. Local radiotherapy has shown limited success in treating HCC in the early and mid-
stages of the disease. However, promising results have been obtained with the use of ultrasound-stimulated 
microbubbles (USMB), which have been shown to target the tumor vasculature and improve the efficacy of 
both chemotherapy and radiation therapy[2]. Clinical trials using these combination treatments have shown 
encouraging results[3, 4]. While the size of microbubbles (1-8 µm) allows them to pass through the 
pulmonary capillaries, they are still restricted to the vasculature[5]. In contrast, phase change nano-
droplets(ND), which are smaller than 200 nm, can extravasate into the interstitial tumor space due to their 
size and the enhanced permeability and retention effect (EPR)[6]. Consequently, the purpose of this work 
was to evlauate changes to the HCC microenivornment following either microbubble- or ND destruction in 
a syngeneic preclinical model.  

Methods 
Definity, an ultrasound contrast agent manufactured by Lantheus Medical Imaging in North Billerica, 

MA, USA, was employed to prepare ND using a well-established protocol available in the literature[7]. The 
Definity vial was agitated for 45 seconds using a Vialmix following the manufacturer's instructions. After 
activation, ND were prepared in a 10 mL syringe with a 0.1 mL Definity/mL concentration. 

All animal work was performed under protocol 22-12-613 and approved by the IACUC of Thomas 
Jefferson Univeristy. The RIL-175 hepatocellular carcinoma cell line was implanted subcutaneously into 
the right flank of 30 C57BL/8J mice. Upon tumors growing to an approximate volume of 250 mm3, animals 
(n=4) were assigned to one of the treatment groups (ND +/- ultrasound disruptive pulse (USDP), MB +/- 
USDP, and +/- USDP control groups). A clinical ultrasound scanner, ACUSON Sequoia scanner (Siemens 
Medical Solutions USA, Inc., Issaquah, WA, USA), was used with a 10L4 linear transducer to acquire B-
mode and contrast mode images. A destructive pulse was applied to destroy agents (MI of 1.4, 3.05 MPa) 
followed by 10 seconds of low MI imaging to allow MB/ND perfusion within the tumor. Multiple 
destructive pulses were applied for 5-9 minutes for the duration of observed signal. Volumetric 
photoacoustic and power Doppler imaging were performed using a Vevo 3100 system (VisualSonics, 
Toronto,ON, Canada) before and after treatment to analyze changes in tumor vascularity and oxygen 
saturation. Tumors were harvested 24 h post-treatment and immunohistochemistry staining was performed 
to quantify, CD31, Caspase-3, and CD45 to investigate the impact of ND on tumor vascularity, cell 
apoptosis, and immune response within the tumor after treatment.  
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Results 
 The study found that the activation of ND and microbubbles was clearly visible in the tumor after 

ultrasound triggering. It was observed that imaging with a mechanical index of 0.2 allowed activation of 
ND and particle enhancement roughly 7 minutes. Alternatively, MB signal was observed with a MI of 0.1 
MI and present for 5 minutes (Figure 1).  

When looking at imaging-based parameters of the tumor microenivronment, it was shown that using 
ND + USDP in mice lead to a significant reduction in tumor vascularity (p = 0.0001), as seen in Figure 2. 
The percent change in fractional vascularity was normalized to baseline (pre-treatment) values. The percent 
decrease in the tumor vascularity after treatment was -44.3% for ND (P = 0.001) and 18.4% for MB (P = 
0.021) combined with USDP compared to the untreated group. In contrast, other treatment methods showed 
an increased in vascularity following the treatment, presumably due to the presence of 
inactivated/undestroyed contrast agents which increase overall Doppler signals.  In terms of tumor 
oxyengation, there was no significant change observed in hemoglobin oxygenation across the treatment 
groups (p = 0.45) (Figure 2). 

Figure 1. Example of contrast enhancement on the left and grayscale imaging on the right in an HCC syngeneic 
mouse model, showing phase change contrast agent (ND) and microbubble (MB) pre (top row), during (middle row), and 

post-activation (bottom row). 
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Figure 2. Analysis of power Doppler and photoacoustic imaging showing the relative percentage change 
in tumor vascularity (p < 0.0001) among the treatment groups: untreated, US only, ND + USDP, ND, MB + 

USDP, and MB. Data is presented as fractional vascularity change relative to baseline (pre-treatment).  

When examining pathology data, results showed that CD31 expression was decreased to 0.28 % ± 0.2 
in the group treated with ND and also decreased when tumors were treated with MB to 1.3% ± 0.2 when 
combined with USDP compared to the control (3.8% ±1.1). Cell apoptosis demonstrated the highest 
expression of (29.6 ± 8.3%) in the group treated with ND + USDP while the maximum expression in the 
MB + USDP group was 12.8 ± 3.4%. CD45 staining results showed a notable contrast between the group 
that received ND (p = 0.04) in the presence of USDP as compared to the control groups. The mean observed 
for the ND group with USDP was 5.5 ± 6.8 %, which was higher than the MB group that was only 4.9 ± 
5.5% (Figure 3). No other statically significant differences between the groups were observed, indicating 
that the immune response may be enhanced by ND activation.  
 

 

Figure 3. Quantification of endothelial cell numbers as a vascular marker (CD31), apoptosis (Caspase-3), 
and immune response (CD45) in a syngeneic HCC model. 
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Conclusions 
 This study shows that the use of both microbubbles or ND mediated by ultrasound has an impact on the 

HCC tumor environment. These finding warrant additional research to determine if ND may further enhance 
radiosensitivity of tumors relative to microbubbles. 
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Introduction  
The increasing prevalence of cardiovascular diseases and an aging population has led to a surge in the 

use of cardiac implantable electronic devices (CIEDs), such as implantable cardioverter defibrillators and 
pacemakers. These life-saving devices pose a risk for cardiovascular infection, with an associated in-hospital 
mortality rate between 3.7 and 11.3% [1]. Managing patients with CIED infections necessitates lead 
extraction. However, not all individuals are suitable for device removal due to existing comorbidities, with 
3-15% of the population declining or deemed unsuitable for CIED removal [2]. Staphylococcus aureus (S. 
aureus) is the most prominent causative microbe of CIED infections [3], which involves particularly fibrin-
rich biofilm formation. The presence of fibrin hampers immune system infection clearance and antibiotic 
effectiveness. Fibrinolytic enzyme rt-PA, known for its high specificity and sensitivity to fibrin, presents a 
potential solution. While conventionally used for ischemic strokes, its systemic application in infective 
endocarditis is limited due to the high risk of intracranial hemorrhage [4]. We propose the development of 
rt-PA-decorated microbubbles for targeting cardiovascular biofilms, which can be utilized to locally provide 
the fibrinolytic effects to degrade S. aureus  biofilms while reducing systemic risks. This proof-of-principle 
study details the coupling of rt-PA to microbubbles, their ability to adhere to fibrin-containing biofilms, and 
the evaluation of their therapeutic potential with and without ultrasound insonification using a new fibrin-
based S. aureus biofilm model on a silicone pacemaker lead. 

Methods 
Recombinant tissue plasminogen activator (rt-PA) was chemically modified and coupled to maleimide 

microbubbles (DSPC (83.2 mol%), PEG-40 stearate (8.0 mol%), and DSPE-PEG3400-maleimide (8.8 
mol%)) with a perfluorobutane (C4F10) gas core, resulting in fibrin-targeting rt-PA-decorated microbubbles. 
Control microbubbles (cMBs) did not contain rt-PA. The conjugation of functional rt-PA was validated with 
a tissue plasminogen activator chromogenic substrate assay, and coupling was confirmed with a FITC-
labeled tissue plasminogen activator antibody visualized using confocal microscopy. A new fibrin-based 
biofilm model was developed on a silicone pacemaker lead using human plasma, a CIED clinical S. aureus 
isolate, and Alexa Fluor 647 fluorescently-labeled human fibrinogen conjugate. Infected pacemaker leads 
were secured with agar within IbiTreat Luer 3D μ-slides and filled with human plasma containing 
fluorophore SYTO 9 to stain living bacteria and propidium iodide for dead bacteria. Using a syringe pump, 
2.4 × 107 microbubbles were delivered to the infected lead and allowed to adhere for 5 min. Subsequently, 
flow at 5.4 dyn/cm2 (9 mL/min) for 30 s was applied to remove unattached microbubbles. The amount of 
fibrin within the biofilms and the number of microbubbles that remained bound to the biofilm was monitored 
for 60 min with confocal time-lapse microscopy. At 15 min, a single ultrasound burst (2 MHz, 250 kPa, 
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5,000 or 10,000 cycles) was applied. The number of microbubbles was determined manually using NIS-
Elements software and biofilm reduction was quantified by fibrin intensity using Fiji software. 

Results 
Confocal microscopy revealed living S. aureus clusters in a fibrin matrix attached to the pacemaker 

leads. Presence of rt-PA on the microbubble shell was confirmed and found to have a heterogenous 
distribution. The concentration of rt-PA on the decorated microbubbles varied by batch (n=3) from 2.09-
3.46 µg per clinical dose of microbubbles (1 × 109 microbubbles). The rt-PA-decorated microbubbles (35.2 
± 4.2; mean ± SD; n=6 fields-of-view) specifically remained bound to the infected lead model after applying 
physiological shear stress (5.4 dyn/cm2) compared to cMBs (6.6 ± 5.3; n=9 fields-of-view). The impact of 
rt-PA-decorated microbubbles, ultrasound, and their combination on fibrin dissolution was assessed. After 
60 mins, the combined treatment of rt-PA-decorated microbubbles with ultrasound showed the highest 
percentage of fibrin reduction (60.8% ± 34.4%). Without ultrasound insonification, rt-PA-decorated 
microbubbles only resulted in a reduction in fibrin intensity of 31.9% ± 15.1%, while this was 13.5% ± 4.6% 
for free rt-PA only (0.35 µg/mL; corresponding to the highest concentration of rt-PA on the decorated 
microbubbles). A significant positive correlation (r = 0.768, p = 0.002) was found between the quantity of 
rt-PA-decorated microbubbles bound during ultrasound treatment and the dissolution of fibrin. 

Conclusions 
This study confirms the successful production of rt-PA-decorated microbubbles with demonstrated 

efficacy in dissolving fibrin within S. aureus biofilms on infected pacemaker leads. The findings highlight 
the promising potential of this targeted therapeutic approach, combining rt-PA-decorated microbubbles with 
ultrasound, to locally and effectively treat cardiovascular device biofilms.  
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Introduction 

The blood-brain barrier (BBB) poses a formidable impediment to the treatment of adult-onset 
neurodegenerative disorders preventing most drugs from gaining access to the brain parenchyma. Focused 
ultrasound (FUS), in conjunction with systemically administered microbubbles, has been shown to open the 
BBB locally, reversibly and non-invasively.  

Methods 

The objective is to induce localized drug or gene delivery in deep seated regions in the brain, such as the 
hippocampus and the substantia nigra. This BBB opening has allowed the transport of compounds, 
endogenous or exogenous, that would help treat the afflicted brain regions. Over these past few years, our 
group has demonstrated that FUS was capable of generating highly focused and transient BBB openings in 
murine and non-human primate (NHP) brains through the intact skull and skin in vivo; therefore, completely 
noninvasively. We have also identified the mechanism by which the BBB opens involving transcellular 
diffusion at low FUS pressures and tight-junction disruption at higher pressures. 

Results 

By optimizing this novel drug delivery system such as neurotrophic factors through protein or gene delivery 
for effective neuronal restoration in deep-seated brain regions such as the substantia nigra at the early stages 
of Parkinson’s disease as well as inducing an immune response for reduction of the amyloid plaque and tau 
load in the hippocampus and the substantia nigra. In this presentation, we will emphasize the theranostic 
application of FUS together with ultrafast localization microscopy (ULM) that both utilize bubbles to treat 
and image, respsectively. We will demonstrate that simultaneous ULM can detect the region of the opening 
and the contraction of the blood vessels at the same time as visualizing any dedema. We will also 
demonstrate application of FUS BBB opening the early stages of neurodegenerative disease, such as 
Alzheimer’s and Parkinson’s in conjunction with neurotrophic drug (protein or gene) delivery as well as 
glioblastoma and pontine glioma treatment in conjunction with chemotherapeutic treatment will be 
presented. Finally, in preliminary clinical studies, the same FUS system will be shown capable of reducing 
amyloid load in early Alzheimer’s patients.  

Conclusion 

The full potential of ultrasound for both imaging and treating with microbubbles will be explored and its 
translation capabilities together with cavitation mapping will also be demonstrated. 
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Atherosclerosis is an inflammatory disease that progresses silently for decades before 

resulting in clinically apparent consequences such as myocardial infarction or stroke. Currently 
available methods for risk stratification place a large proportion of individuals in an intermediate 
risk category, for which management is not well defined. At the same time, novel but costly 
treatment options such as PCSK-9 inhibitors (monoclonal antibodies, siRNA) and glucagon-like 
peptide (GLP-1) receptor agonists have become available within the last decade. Thus, there is 
(1) a need for clinical translation of tools for improved risk stratification in intermediate risk 
populations, and (2) a need for better understanding of the effect of novel therapies that have an 
effect on cardiovascular outcomes. 

Nanobodies or single domain antibodies are antibody fragments consisting of a single 
monomeric variable antibody domain derived from heavy-chain-only antibodies that are by nature 
present in camelids. Nanobodies are the smallest possible (10-15 kDa) antibody-derived 
polypeptide structure that bind to a specific antigen. Nanobodies possess advantages over 
conventional antibodies for clinical applications. They lack an Fc region and therefore do not 
induce complement-triggered cytotoxicity nor bind to Fc receptors on immune and other type of 
cells. In addition, there is homology between camelid and human antibody heavy chains, which 
makes humanization of nanobodies unproblematic. We developed and tested a microbubble (MB) 
contrast agent using a nanobody ligand directed against Vascular cell adhesion molecuole 1 
(VCAM-1), a cell adhesion molecule involved in vascular inflammation that drives the development 
oif atherosclerosis. MBs with a nanobody targeting VCAM-1 (MBcAbVcam1-5) and MB with a control 
nanobody (MBVHH2E7) were characterized in vitro. Attachment efficiency to VCAM-1 under 
continuous was investigated. In vivo contrast enhanced ultrasound molecular imaging (CEUMI) of 
the aorta was performed in atherosclerotic double knockout (DKO; Ldlrtm1Her Apobtm2Sgy) and 
wild-type (WT) mice after injection of MBcAbVcam1-5 and MBVHH2E7. Ex vivo CEUMI of human 
endarterectomy specimens was performed in a closed-loop circulation model. The surface density 
of the nanobody ligand was 3.5x105 per MB. Compared to MBVHH2E7, MBcAbVcam1-5 showed 
increased attachment under continuous flow with increasing shear stress of 1-8 dynes/cm2. 
CEUMI in DKO mice showed signal enhancement for MBcAbVcam1-5 in early (p=0.0003 vs. MBVHH2E7) 
and late atherosclerosis (p=0.007 vs. MBVHH2E7); in WT mice there were no differences between 
MBcAbVcam1-5 and MBVHH2E7. CEUMI in human endarterectomy specimens showed a 100% increase 
in signal for MBcAbVcam1-5 vs MBVHH2E7. Thus, imaging of endothelial inflammation with a clinically 
translatable MB is feasible. 

Randomized clinical studies have shown a reduction in cardiovascular outcomes with the 
GLP-1 receptor agonist liraglutide with the hypothesized mechanisms being an underlying effect 
on atherosclerosis. We therefore determined the effect of liraglutide on the endothelial surface 
expression of VCAM-1 and vascular inflammation in a mouse model of atherosclerosis. Apo E -/- 
mice received daily subcutaneous injections with liraglutide or vehicle. CEUMI using MBs targeted 
to VCAM-1 (MBVCAM-1) and control MBs (MBCtr) was performed and blood cytokines, glucose, 
glycated hemoglobin (HbA1c) and lipids were measured. CEUMI showed an increase in 
endothelial surface VCAM-1 signal in vehicle treated animals, whereas in the liraglutide treated 
animals the signal remained low throughout the study. In liraglutide treated animals, inflammatory 
cytokines were reduced. Plasma glucose and blood HbA1c levels were not affected by liraglutide 
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treatment. Aortic plaque lesion area and luminal VCAM-1 expression on immunohistology were 
reduced under liraglutide treatment. Thus, liraglutide treatment reduced aortic endothelial VCAM-
1 expression in a murine atherosclerosis model independent of glucose levels. Combined with the 
reduction in cytokine levels, this suggests that liraglutide attenuated vascular inflammation and 
atherosclerosis development. 

In conclusion, CEUMI of vascular inflammation holds promise for clinical translation and use 
as a risk stratification tool. In addition, CEUMI can be used to assess the effect of novel 
compounds on vascular inflammation and thus on the pathogenesis of atherosclerosis. 
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Introduction  
Ultrasound is a cost-effective and safe clinical modality used in daily practice to assess the function of 
organs. Blood echogenicity can be increased significantly with intravascular ultrasound contrast agents 
(UCAs). These microbubbles can resonate, provided that their size is matched to the transmitted 
ultrasound frequency, which further enhances their echogenicity. Furthermore, resonant microbubbles are 
also nonlinear scatterers even at low acoustic pressure [1] which I often used to further boost the contrast-
to-tissue ratio. In recent years, advances in contrast-enhanced ultrasound have mostly followed three 
directions: (1) improving microbubbles themselves (e.g., by making them monodisperse [2-4]), (2) 
designing new pulse sequences and imaging strategies (e.g., echo particle image velocimetry (echoPIV) 
[5-8], and (3) breaking the diffraction limit in vascular imaging with ultrasound localization microscopy 
(ULM) [9-14]. The experimental development of contrast-enhanced ultrasound imaging techniques is time 
and resource-intensive. Furthermore, it is difficult to get an objective account of \emph{in vivo} 
performance due to the lack of a ground truth. Several open- and close-source simulation tools have been 
developed to investigate specific aspects of ultrasound imaging [15-19]. These tools have been used to 
simulate contrast enhance ultrasound imaging data [20-22]. Yet, notwidthstanding their research vale, 
none of these simulations combine all the necessary ingredient of ultrasound contrast imaging: 3D 
ultrasound probes, 3D nonlinear wave propagation, nonlinear microbubbles scattering, and physiological 
blood flow in realistic vasculatures. Here we introduce PROTEUS, a physically realistic contrast-
enhanced ultrasound simulator. PROTEUS combines a lattice Boltzmann flow solver [23, 24], an 
ultrasound wave propagation toolbox [15], an ODE solver to simulate nonlinear scattering and acoustic 
interactions of microbubbles [25], and a strealine generator to determinethe bubble trajectories. PROTEUS 
is open-source and available to the scientific community 

Methods 
the architecture of PROTEUS consists of four interconnected simulation modules that, together, 

capture the physics of contrast-enhanced ultrasound imaging. The fluid dynamics simulation module 
solves the fluid dynamics in a chosen vasculature. The microbubbles trajectory module computes the 
intravascular microbubbles trajectories based on the user-selected imaging settings (e.g. framerate, pulsing 
scheme, etc...) and on the result of the computational fluid dynamics (CFD) model. A virtual medical 
transducer array is simulated within the wave propagation module and used to transmit ultrasound waves 
in a virtual medium that contains the selected vascular structure perfused with microbubbles. Transmitted 
ultrasound waves elicit nonlinear microbubbles scattering, which is computed with the microbubble 
dynamics module. Finally, echoes are back- propagated to the virtual transducer surface using the wave 
propagation module. The output of these simulations consists of synthetic RF data containing 
microbubbles signals. These synthetic RF data can then be beamformed to reconstruct ultrasound images. 
PROTEUS includes two complementary computation frameworks for microbubbles scatter. The ”full” 
PROTEUS simulator architecture accounts for both microbubbles-microbubbles interactions and 
microbubbles-tissue interactions (scatter and attenuation) based on k-Wave sub-simulations. The reduced 
order simulator architecture was optimized for speed and computes microbubbles-microbubbles 
interactions and microbubbles scatter back-propagation assuming a dissipative homogeneous medium.  
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Results 

To demonstrate the potential of PROTEUS, we first simulated nonlinear ultrasound imaging of 
microbubbles using established pulse sequences. Second, we compared side-by-side non-linear imaging of 
polydisperse and monodisperse microbubbles suspensions. Third, we show how PROTEUS can serve to 
evaluated the accuracy of ultrasound particle image velocimetry (echoPIV) in a macroscopic flow model. 
And fourth, we conceived a case study investigating the impact of microbubbles size distribution on ULM. 

Conclusions 
We have developed PROTEUS, an effective and versatile open simulator to investigate existing and 

emerging applications in the field of contrast-enhanced ultrasound imaging. It enables comparative 
imaging studies and benchmarks that would be experimentally challenging. In the specific field of ULM, 
it will equip scientists with a tool to generate data and train AI-based computational imaging methods. For 
vector flow imaging (or echoPIV), PROTEUS will accelerate the development of more accurate 
approaches. PROTEUS capabilities extend beyond examples reported here and will lead to a wave of new 
imaging innovations. 

Figure 1: A.-C. Amplitude modulation with polydisperse (B) and monodisperse (C) microbubbles. The 
ground truth bubble locations are shown in A. In each case, the vasculatir contains 1,000 microbubbles. 
D.-F. Ultrasound vector flow imaging. We simulate contrast agents flowing in a 2 cm-diameter pipe. The 
ground truth velocity field from the CFD simulation is shown in D, and the velocity recovered from the 
PIV processing of the ultrasound images is shown in E. F. shows the accuracy of the echoPIV analysis. 
G.-I. Ultrasound localization microscopy. Density maps recovered for polydisperse (G) and monodisperse 
(H) microbubbles across 15,000 simulated frames. The ground truth density is shown in I. 
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Introduction  
The recent enthusiasm of the ultrasound community to improve the resolution of images has led to the 

Super Resolution (SR) framework, which can be separated in two parts, SR Ultrasound Imaging with 
MicroBubbles (SRUI-MBs) and with NanoDroplets (SRUI-NDs).  

NDs are smaller than their MBs counterparts and invisible to ultrasound, they can circulate smaller 
vessels and be activated in-vivo into MBs to resolve the finer vasculature. NDs also possess the advantage 
of a longer circulation time over MBs. As described in [3], NDs are potentially the best solution to the 
trilemma between image fidelity, acquistion speed and resolution that exist with MBs.  

In order to answer this problematic by exploiting the NDs characteristics, a model of chicken embryo 
called the Chorio-Allantoic Membrane (CAM) was developed in house. The CAM model offers a profusely 
vascularized US-transparent media, easy to culture, which follows the 3R principles (replace, reduce, refine) 
and considered as an alternative to an animal model, therefore of great quality to investigate SRUI-NDs.  

Two Super Resolution ultrasound sequences, respectively with and without ND pre-vaporization, were 
used on the CAM model, the results are presented in this study. 

Methods 
The imaging of the CAM model was performed between Embryonic Development Day (EDD)12 and 

EDD14. The chicken embryo, which has been developed on a weighting boat (ex ovo culture), was placed 
in a small incubator to maintain suitable temperature and humidity. Furthermore, the probe was placed 
parallel to the weighting boat in order to image only the CAM vasculature, and a binocular lens was used to 
facilitate the NDs intravenous injections (Figure 1). 

The injection volume was defined to 30µL of ND suspension, which yielded a number concentration of 
about 3∙107 NDs per mL when diluted in the 1.5 to 2 mL CAM blood pool. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 1 – Super Resolution in the Chorio-Allantoic Membrane Model 
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The ultrasound sequences were inspired from the AWSALM and FAST-AWSALM sequences 

popularized by Zhang et al. [1, 2] and will be refered to as Pre-Activation (PA) and Simultaneous Activation 
(SA) sequences. 

For the PA sequence, 8 successive activation-imaging cycles (1 activation pulse + 200 imaging frames) 
were used to vaporize and image NDs with the L11-5v and the Vantage 256 platform (both Verasonics Inc., 
Kirkland, WA). The parameters of the sequence are summarized on Table 1. 
 

Table 1. “Pre Activation” Sequence Parameters 

State Frequency   
[MHz] 

Pulse Length 
[Cycles] 

PNP           
[MPa] MI 

Activation 6 10 5 - 8 2.04 – 3.27 

Imaging 7.42 1 0.4 0.15 

PNP: Peak-negative acoustic pressure 

MI: Mechanical Index 
The SA sequence is an upgrade of the PA sequence as it activates and images NDs within the same 

ultrasound pulse, removing the need for a dedicated activation pulse, and therefore allowing for a faster 
acquisition. Thus, a single imaging sequence of 500 imaging frames was acquired with the same setup as 
for the PA sequence. The settings are specified below in Table 2. 

Table 2. “Simultaneous Activation” Sequence Parameters 

State Frequency    
[MHz] 

Pulse Length 
[Cycles] 

PNP              
[MPa] MI 

Imaging/Activation 7.42 1 1.5 - 2 0.55 - 0.73 

A dedicated ND formulation was prepared for each sequence type. Bracco proprietary condensed lipid-
shelled nanodroplets containing a perfluorinated gas ( C4F10 (bp -1.7°C) for PA and a mixture of C3F8 (bp -
36.7°C) and C4F10 for SA) were used. In the latter, thanks to the use of a very low boiling point gas, namely 
C3F8, the NDs needed less acoustic power to vaporize, hence their use with the SA sequence. 

Results 
As highlighted in Figures 2 and 3, the experiments resulted in clear SR density maps of the larger vessels 

in the probe Field-of-View [FoV]. For the SA sequence, vessels as small as 130 µm in diameter were imaged 
while for PA the smallest detected vessel was 160 µm in diameter. 

Figure 2 - Side-by-side of SR density map and microscope snapshot (“Pre Activation” Sequence). The 
star indicates the vaporization spot and the arrow the flow direction. 
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Experimentation was also facilitated by the SA sequence, used with the Perfluorocarbon mixture, due 
to the possibility to vaporize on the whole image, greatly reducing the time spent to find a major vessel, 
unlike for PA, and helping a great deal to retrieve extensive vascularization in the vaporization maps. 
 

 
Figure 3 - Side-by-side of SR density map and microscope snapshot (“Simultaneous Activation” 

Sequence) 

Conclusions 
A high-quality imaging framework for SRUI-NDs was adapted to the CAM model. An alternative to 

animal testing, that proved to be of great interest and convenient use. Both PA and SA sequences resulted 
in high-fidelity density maps. In addition, as expected SA allows the detection of smaller vessels. Indeed, 
the ability to vaporize NDs in plane-wave eliminates the issue of finding a major vessel for vaporization 
like for PA which then confines newly created MBs to large vessels only. 

Moreover, the straightforward experimentation as well as the easy NDs preparation can pave the way 
for a potential formulation screening. One could also consider using a clinical scanner in place of the 
Verasonics system, as the versatility of the setup allows for an easy change of probe and because the SA 
imaging parameters are close to clinical settings.  

Finally, the CAM model attracts a great deal of interest in pharmaceutical and biological research 
because it is an efficient, and cost-effective alternative model compared to animal model and well suited to 
evaluate NDs behavior for SR applications. 
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Introduction  
During the first days of neonatal growth, the central nervous system (CNS) develops self-regulatory 

mechanisms to ensure constant cerebral perfusion [1]. However, this vascular neogenesis takes place on a 
microscopic scale that cannot be observed with current clinical imaging methods. Until now, computed 
tomography (CT) or magnetic resonance imaging (MRI) are regularly used for the observation of cerebral 
perfusion [2] lacking the ability to visualize microcirculatory processes. On the other hand, ultrasound (US) 
in newborns through the fontanelle is used in clinical routine. Other studies using Contrast Enhanced 
Ultrasound Sequences (CEUS) realized with an injection of gas microbubbles intraveinously, allowed the 
observation of the kinetics of microbubble flow in cerebral vasculature of neonates [3-5]. More recently, the 
tracking of individual microbubbles allowed for super resolution imaging, so called ultrasound localization 
microscopy (ULM). By detecting subwavelength acoustic scattering of microbubbles, ULM can provide 
microvascular information in the adult human organs [6-13].  

Therefore, we aimed to support the hypothesis that it is possible to monitor microvascular changes 
following therapeutic interventions performed on the brain of newborns using ULM. We studied subjects 
suffering from Vein of Galen (aneurysmal) malformation (VGAM) – a rare disease that is caused by direct 
connections between the intracranial arterial and venous systems [14,15] and which requires urgent 
endovascular treatment for stabilization [16].  

Methods 
For this prospective single center, cross-sectional diagnostic trial ethical and regulatory approval 

was obtained (Reference number: 2021435). All parents or guardians signed informed consent and the trial 
was registered (drks.de Identifier: DRKS00030052). Consecutive patients were recruited from July 2022 to 
February 2023 prior to neurovascular interventions. We included n = 7 neonates diagnosed with VGAM. 
All neonates received endovascular therapy at a median postnatal age of 2 days (range 2-9 days).  

CEUS coronal imaging was performed transfontannely at three time points with an injection of 
ultrasound contrast agent (Sonovue®, Bracco, Italy) (Fig. 1A, Fig. 1B), with a high-end ultrasound system 
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(GE Logiq E10s R3, GE Healthcare, Boston MA, USA) together with a micro curved array probe (C3-10, 
GE Healthcare, Boston MA, USA), a low mechanical index (MI: 0.07), a frequency of 4 MHz and a frame 
rate of 14 Hz.  

 ULM was realized using the CEUS acquisitions split into blocks of 200 frames each. We applied a 
spatiotemporal filter (SVD) with a threshold of 5/200 eigenvalues to enhance microbubbles signal. We 
localized the center of microbubbles with the radial symmetry method and tracked them with the simple 
tracker toolbox [17]. By interpolating and accumulating all the tracks, we reconstructed a microvascular 
ULM density map with a final grid 10 times more resolved then the original one, i.e. final pixel size of 10 
μm. We manually segmented brain areas and performed tracks quantification. The number of localizations 
corresponds to the number of localized microbubbles in each area. The length of tracks corresponds to the 
number of localizations constituting a track. And the mean speed corresponds to the mean value of all the  
tracks speed. 

Results 
ULM density maps showed the microvessels reconstruction along the three time points in patient 2 

(Fig. 2A). The dashed lines correspond to the zoomed areas in the right hemisphere where the white matter 
(blue) and the subarachnoid space (red) were manually segmented (Fig. 2B). In Fig. 2B, we could observe 
specific connections from the skull/venous system to the brain inside the subarachnoid space. These tracks 
seemed to have less localizations, to be shorter and to be faster than in the white matter (Fig. 2C). The third 
time point seemed to have more localizations, longer tracks and higher velocity then the first one, regardless 
of the ROI. Analyses need to be continued on other patients before statistical analyses can be carried out. 

Conclusions 
In this study, ultrasound localization microscopy was used to observe that neurovascular treatment 

of neonatal malformations caused remodeling and reorganization of cerebral vascularization. ULM enabled 
us to track microstructural vascular changes in human neonates with unprecedented spatio-temporal 
resolution. In the future, we hope that ULM could guide the selection of patients for endovascular specific 
interventions and for other large-scale applications, particularly in very young patients. 
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Figure 1. CEUS acquisition. (A) Schematic illustration of the proposed imaging approach using 
ultrasound contrast agents and imaging through the large fontanelle at 3 different timepoints during therapy. 
(B) Acquisition of Bmode ultrasound (US) and contrast-enhanced ultrasound (CEUS) along the 3 time
points.
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Figure 2. ULM density maps and quantification. (A) ULM density maps on patient 2 at the three time 
points. Scales are in lambda. Colormap is in arbitrary unit and corresponds to a count of tracks per pixel. 
(B) Zoom of the right upper hemisphere (dashed areas higlighted in A). Red regions correspond to 
subarachnoid space and blue areas represent the white matter. (C) Tracks quantification in both segmented 
areas in B along the three time points : number of localizations (in arbitrary unit), length of tracks (in 
superpixel units) and mean speed (in mm/sec). 
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Introduction 
Endovascular aneurysm repair is a well-established treatment for abdominal aortic and intestinal 

aneurysms, utilizing various endograft types (1-3). Surveillance is crucial for early detection of 
postinterventional complications, such as endoleaks and stent position shifts due to disease progression. 
Methods of first choice are CTA and increasingly CEUS (3-7). Aim was to describe the development and 
the clinical use of CEUS for EVAR during the last 25 years in comparison with CT and CTA. Possibilities 
and limitations and how to avoid artifacts and pitfalls are discussed. 

Methods 
CEUS was performed before 2000 using Quantum and Elegra (n=35), and later with Acuson S2000 

(n=101), S2000 HELXTM Evolution (n=280) and Sequoia (n=60) ultrasound units (Siemens Healthineers, 
Erlangen, Germany), alongside SonoVue® contrast agent (Bracco Imaging, Milano, Italy). The average 
dose of contrast agent was 1.51±0.23 ml (range 1.2-2.0 ml), followed by a 10 ml normal saline flush. With 
the Sequoia (VA40A), only 0.6-1.0 ml was necessary. Quantitative evaluation was conducted using software 
from Bracco (VueBox). Multi-slice CTA was performed using commercially available CT scanners 
(SOMATOM Definition AS 64, SOMATOM Edge or Force; Siemens Healthineers, Erlangen, Germany). 
Table 1 shows the distribution. All ultrasound measurements were performed without prior knowledge of 
CTA results. 

Combined examinations on the same day were possible in 260 patients, allowing for a comparison of 
the detection capabilities for complications and artifacts. 

 
Examinations (Patients) Available US Devices Contrast Medium 

1996-2001               (n=  35) Quantum, Elegra, Sequoia I (Acuson) SHU-504, Levovist 

2002-2022 (n=441)           
more than 2300 exams S2000® and S2000®HELX, Sequoia® (Siemens) Optison, SonoVue 

Results 
The first detection of endoleaks using Levovist occurred in 5 patients. With the transition to Low-MI 

techniques, the feasibility of CEUS examinations increased to 60% (2001-2015) and since 2016 with 
increasing sensitivity of US devices to 92% since 2016. Detected complications included hematoma and 
pseudoaneurysm in the groin in <4% of cases, and restenosis and occlusion of prosthetic limbs in 1.5%. 
Two patients experienced a dislocation of the occluder system. One case presented a dorsal perforation of 
the prosthesis, detected primarily with CEUS, three years post-implantation. Four cases involved a 
dislocation of the limb with a high-flow endoleak. One case showed a partial kidney infarction (Fig. 1). 
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From 2012-2022, 245 patients with EVAR, including hybrid techniques using chimneys/periscopes and 
double-barrel techniques, underwent combined CTA/CEUS examinations on the same day during their first 
year. Endoleaks were detected with CT in 45% of cases and with CEUS in 51%. Mismatches in CT were 
due to very late and weak endoleaks in 5 cases and beam hardening artifacts from embolization material in 
4 cases. In 3 cases, a dorsal endoleak was obscured by artifacts in CEUS. One endoleak was falsely identified 
by CEUS due to residual small air inclusions immediately after the intervention. In 12 out of 21 patients, 
quantification of endoleak dynamics (Fig. 2) was possible (Time to Peak, Rise Time). 

Conclusions 

Diagnosing and stratifying endoleaks can be challenging, with wide heterogeneity in follow-up strategies 
among EVAR centers (8).  

1. Although the feasibility of CEUS in the early phase (3 days post-intervention) is limited due to 
abundant bowel gas and limited ultrasound transmission through prosthesis material, after this 
period, CTA and CEUS are comparable in detecting endoleaks after aortic and celiac 
endovascular repair. With increasing beam hardening artifacts due to multiple interventions (e.g., 
coiling, embolization material), CEUS proves superior to CTA. 

2. Preliminary results from VueBox suggest that differences in time to peak, combined with rise 
time, can be useful in differentiating between type II and types I/III endoleaks and in evaluating 
the prognosis of endoleaks. 

3. Strategies, optimization of system settings, and ways to avoid typical artifacts and pitfalls are 
discussed in more detail (9). 
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Fig. 1: CEUS of the left kidney with infarction of the inferior pole 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Dynamic evaluation of an endoleak (Type II) caused by the inferior mesenteric artery 
More than 7 sec after contrast in the aortic stent retrograde flow from the AMI appears with 
A very long rise time. Spontaneous occlusion of the endoleak after 3 months. 
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Introduction  
Angina with Non-Obstructed Coronary Arteries (ANOCA) is a condition marked by abnormal 

vasomotor responses. Current diagnostic guidelines focus on coronary flow reserve (CFR) and 
microvascular resistance, as a cause of reduced myocardial oxygen supply. However, CFR is limited since 
it only includes information about myocardial blood flow (MBF). Apart from flow, myocardial blood 
volume (MBV) might play an independent role. The response of MBV is independent from flow, and linked 
to myocardial oxygen consumption, and regulated by stress, exercise and hyperinsulinemia. Myocardial 
contrast echocardiopgraphy (MCE) enables assessment of the myocardial perfusion. The aim of this study 
is to investigate the rol of MBV in ANOCA, by evaluating MBV under different physiological conditions 
using MCE. 

Methods 
The MICORDIS-study is a single-center observational cross-sectional cohort study focused on assessing 

MBV in patients with long-standing angina and documented non-obstructive coronary artery disease 
compared with matched healthy controls in terms of sex and age. ANOCA patients were instructed to 
withold from vasodilator medication, and underwent a coronary angiogram with invasive coronary function 
testing (ICFT) to identify coronary spasm and coronary microvascular dysfunction. All subjects underwent 
MCE to measure MBV and MBF. MCE was performed using a Philips iE33 ultrasound machine during 
constant intravenous infusion of gas-filled contrast microbubbles, and analysed using the Region of Interest 
(ROI) plug-in from QLAB [Figure 1]. The MBV and MBF were calculated according to Vogel et al. (1).  

Results 
This study included 28 ANOCA patients (21.4% men, 56.8 ±8.6 years) and 28 matched healthy controls 

(21.4 % men, 56.5 ±7.0 years). The ANOCA patients had a significant higher BMI (27.6 ±4.5 vs. 24.0 ±2.6, 
p < 0.01), more hypertension (16% vs. 0%, p < 0.01) and hyperlipidemia (14% vs. 0%, p < 0.01). During 
ICFT 2 patients (10.7%) were diagnosed with epicardial vasospasm according to the COVADIS-criteria (2), 
11 patients (39.3%) showed microvascular vasospasm according to the COVADIS-criteria (3), 9 patients 
had an inconclusive test (32.1%) and 5 patients (17.9%) had a negative ICFT. ANOCA patients had a 
significantly lower insulin sensitivity (M-value 36.8 μmol/kg/min vs. 69.1 μmol/kg/min, p < 0.01), a 

The 29th European symposium on Ultrasound Contrast Imaging 
-------------------------------------------------------------------------------------- 

35



significantly lower heart rate reserve (54.8 ±21.6 vs 67.1 ±11.9, p < 0.01), and a tendency towards a reduced 
rate pressure product (16928 ±5024 vs. 16997 ±2878, p = 0.09). At baseline, ANOCA patients tended to 
have a lower MBV compared to healthy controls (0.38 ±0.08 vs. 0.43 ±1.0, p = 0.058). A significant lower 
MBV was found between the ANOCA patients and the healthy controls during hyperinsulinemia (0.40 ±0.07 
vs. 0.44 ±0.08, p = 0.046) and during dobutamine-induced stress (0.39 ±0.13 vs. 0.48 ±1.0, p = 0.014). We 
did not find a significant difference in the capillary recruitment (ΔMBV) between patients and matched 
healthy controls in both conditions compared to baseline (ΔMBVinsulin 0.009 ±0.08 vs. 0.007 ±0.09, p = 0.92, 
and ΔMBVdobutamine -0.004 ±0.15 vs. 0.035 ±0.13, p = 0.35). 

Conclusions 
In this study we observed a difference between MBV during hyperinsulinemia and dobutamine-induced 

stress between ANOCA patients and matched healthy controls. However, no difference in capillary 
recruitment was found. The remarkable differences in regards to BMI, hypertension, hyperlipidemia and 
insulin sensitivity between patients and healthy subjects suggests that disrupted metabolism contributes to 
the pathophysiology of ANOCA. Further research is needed to elucidate this aspect.  

 

 
Figure 1. Myocardial contrast echocardiography was performed in apical 4-chamber, 2-chamber and 3-

chamber views, of which regions of interest were derived in corespondence with the perfusion areas of the 
main coronary arteries.  Abbreviations: ROIs; Region of interest, LV; Left Ventricle   
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Introduction  
Microvascular obstruction (MVO) is frequently observed in patients with ST-elevation myocardial 

infarction (STEMI) after treatment with primary percutaneous coronary intervention (PCI) and is associated 
with adverse left ventricular remodeling, heart failure and mortality (de Waha et al., 2017; Nijveldt et al., 
2009). Infarct size (IS) on follow up cardiac magnetic resonance (CMR) imaging is greater in STEMI 
patients with MVO, however, the temporal and spatial evolution of MVO after PCI is highly dynamic 
(Rochitte et al., 1998) and restoration of border zone perfusion in the hours following PCI could mitigate 
final infarct size. Similarly, myocardial contractility as assessed with left ventricular ejection fraction 
(LVEF) or global longitudinal strain (GLS) can vary over time due to myocardial stunning (Braunwald & 
Kloner, 1982). The aim of this study was to evaluate the combined predictive value of myocardial perfusion 
using myocardial contrast echocardiography (MCE) and GLS in relation with final IS and LVEF on follow 
up CMR in STEMI patients with MVO.  

 

Methods 
STEMI patients with electrocardiographic MVO (incomplete ST-resolution (≤70%) on the 

electrocardiogram (ECG) after PCI) who underwent MCE one to three hours following primary PCI and 
CMR at two months follow up were prospectively included. Myocardial perfusion score (MPS) was semi-
quantitatively graded by a blinded reviewer using a 17-segment model. Score 1 was given for normal 
replenishment (within 4 seconds of a high mechanical index (HMI) pulse), 2 for a delayed replenishment (> 
4 seconds), and 3 in case of absent replenishment (up to 10 seconds after an HMI pulse). MVO was assessed 
on a segmental basis and was reported as such in case of absent replenishment up to 10 seconds after an 
HMI pulse. End-systolic GLS was calculated with TomTec Arena software (Tomtec imaging system, 
Unterschleissheim, Germany). IS was calculated with late gadolinium-enhanced CMR using the full-width 
at half-maximum method and expressed in absolute (grams) and relative (% of left ventricular mass) values.  

 

Results 
In total, 53 STEMI patients with MVO have been included in the analyses. Mean age was 62 (± 12) and 

48 patients (91%) were male. Culprit artery in patients was LAD in 42 patients (79%), right coronary artery 
in 7 patients (13%) and circumflex artery in 4 patients (8%). GLS and number of segments with MVO were 
statistically significantly associated with absolute final IS (R2 = 0.12, p = 0.02; R2 = 0.16, p < 0.01). GLS 
and number of segments with MVO on MCE were also associated with relative final IS (R2 = 0.20, p < 0.01; 
R2 = 0.13, p = 0.02). Patients with GLS > -13% and MVO in at least 4 segments had significantly higher IS 
and worse LVEF on follow up MRI as compared with patients who had only GLS > -13% or MVO in at 
least 4 segments or none of both (IS: 9.1±6% vs. 14±9% vs. 23±10%, p < 0.01; LVEF: 43±8% vs. 50±10% 
vs. 53±7%, p < 0.01). 
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Conclusions 
  Combining GLS on conventional echocardiography with MVO on MCE predicted significant 

differences in final IS and LVEF on CMR at two months follow up. The incremental value of a combined 
mechanical and perfusional assessment could improve current risk stratification of STEMI patients with 
MVO.  
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Introduction 
Pancreatic ductal adenocarcinoma (PDAC) is 3% of cancers diagnosed in the United States with 64,050 

new cases expected in 2023, but it is the fourth leading cause of cancer-related deaths with 50,550 expected 
deaths in 2023 and five year survival rates at around 5-9% [1-3]. One of the reasons for this high mortality 
is that only around 15 to 20% of patients with PDAC present with resectable tumors at the time of diagnosis 
[2-5]. Pancreatic ductal adenocarcinoma (PDAC) is notoriously unresponsive to chemotherapy, due to a 
dense desmoplastic stroma and poor blood supply [4, 6], though perfusion is sufficient to observe significant 
contrast enhanced ultrasound (CEUS) signal [4, 7]. Despite the “curative” intent of treatment for those 
patients who present with surgically amenable PDAC and undergo resection followed by adjuvant systemic 
therapy (with or without radiation) their median overall survival is around 15.5 to 24 months [8]. The five 
year overall survival for these resected patients is 25 to 30% for those with lymph node negative disease 
and only 10% in patients with lymph node positive disease. Hence, there is a considerable clinical need to 
develop innovative strategies for effective drug delivery and treatment monitoring, resulting in improved 
outcomes for patients with PDAC. 

Sonoporation is a novel method that can enhance the therapeutic efficacy of co-administered 
chemotherapy by localized contrast-enhanced ultrasound imaging (CEUS) of gas-filled microbubbles 
(ultrasound contrast agent; UCA), which temporarily changes the tumor vascular microenvironment by 
increasing leakage from angiogenic vessels through microstreaming, shockwaves and the activation of 
various intracellular signaling responses [4, 5, 9].  Our Phase I clinical trial of sonoporation in 10 PDAC 
patients treated with Gemcitabine demonstrated no additional toxicity and an increase in median survival 
compared to the standard of care treatment (8.9 vs 17.6 months; p = 0.011) [4].  

Subsequent, animal studies investigated 4 commercial UCAs under 2 different acoustic regimes and 
established the optimal UCA (Sonazoid; GE HealthCare, Oslo, Norway) as well as acoustic settings for 
sonoporation of PDAC [10].  

There are two major chemotherapeutic regimens for the treatment of non-resectable PDAC, a 
combination of Leucovorin, Fluorouracil, Irinotecan and Oxaliplatin (FOLFIRINOX), considered the first 
line treatment, or a combination of Gemcitabine with a nanoparticle formulation of Paclitaxel (Nab-
Paclitaxel), the second line treatment. These regiments result in a median overall survival of approximately 
11 and 8-9 months.  
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An ongoing Phase II clinical trial aims to improve standard of care (SoC) chemotherapy treatment of 
PDAC by adding sonoporation (i.e., augmenting the SoC treatment with CEUS and microbubbles). As part 
of this study, a noninvasive ultrasound technique, subharmonic-aided pressure estimation (SHAPE), was 
used to estimate intra-tumoral pressure measurements [11]. Also, the tumor stiffness was assessed using 
shear wave elastography (SWE) during the sonoporation treatment. The objective of this study was to use 
SHAPE during the chemotherapy with sonoporation treatment to evaluate changes in treatment response of 
PDAC and to compare SWE measurements of tumor stiffness during sonoporation treatment in order 
differentiate treatment responders from non-responders. 

Materials and Methods 
This Phase II clinical trial aims to improve SoC chemotherapy treatment by adding sonoporation (i.e., 

augmenting the SoC treatment with CEUS and microbubbles). Two sites (one in the USA and one in 
Norway) will enrol a total of 120 subjects recently diagnosed with PDAC stages II, III or IV and who are 
scheduled to undergo chemotherapy as their first line of treatment were eligible to be enrolled in this 
ongoing, IRB-approved study (NCT04821284). All the enrolled subjects underwent their scheduled 
standard of careSoC chemotherapy treatment, which it is a choice between FOLFIRINOX or 
Gemcitabine/Nab-Paclitaxel treatment regimen, chosen on the discretion of the clinical oncology team. 
Exclusion criteria include medically unstable patients, pregnant persons or anyone with known allergies to 
the UCA. The primary objective is to evaluate the safety and therapeutic efficacy of sonoporation on PDAC 
SoC treatment based on local progression-free and overall survival. The Oncology teams at each site are 
responsible for the SoC chemotherapeutic treatment and decide whether the patient is to receive 
Gemcitabine/Nab-Paclitaxel or FOLFIRINOX as SoC, using the same decision making parameters as would 
be done if the patient was not included in the study.  

In the experimental group the optimal CEUS and microbubble conditions will be applied to a single 
PDAC tumor imaged by ultrasound. Treatment will follow the timeline and guidelines of the SoC 
chemotherapeutic treatment for PDAC, with sonoporation performed immediately following each infusion 
of chemotherapy. The sonoporation treatment consisted of 20 min of ultrasound imaging sweeping through 
the tumor area performed at each chemotherapy visit. A Logiq E10 ultrasound scanner (GE HealthCare, 
Waukesha, WI) with a C1-6 probe was used to image, target and induce sonoporation.  

SHAPE data: This system was also used to acquire SHAPE pressure measurement values (subharmonic 
signals in dB with an inverse linear relationship to pressures in mmHg) with the mean difference between 
the values acquired with and without microbubbles used in the final analysis. The data was acquired by first 
determining the optimal acoustic power on a individual basis. Once the presence of UCA in the imaging 
plane was established, the SHAPE optimization algorithm was activated and the acoustic power adjusted to 
produce the maximum change in subharmonic amplitudes (i.e., maximizing the sensitivity of SHAPE). 
Figure 1 shows in Panel A the optimization curve that is acquired after the run of the optimization algorithm, 
where a ROI is draw around the tumor and the optimization curve of the ROI provides the optimal acoustic 
power. Then the corresponding subharmonic imaging data was acquired with and without UCA at the 
optimal acoustic power setting in three to five digital clips of five seconds each  

SWE data: The same system was also used to obtain mean SWE measurements values in kPa from the 
PDAC (averaged across 12 measurements).  

Subjects were divided into responders and non-responders with their SHAPE and SWE values compared 
at three time points: first, third and last cycles of chemotherapy using t-tests. SHAPE and SWE values were 
compared using linear regression. 

The 29th European symposium on Ultrasound Contrast Imaging 
-------------------------------------------------------------------------------------- 

40



Results 
To date, 8 of the 43 subjects enrolled in this ongoing study completed their first line chemotherapy 

treatment and had both their SHAPE pressure and SWE data analyzed. The mean age of the subjects was 
62 years (range: 43-77 years). Subjects were divided into responders (n = 2) and non-responders (n = 6) to 
their treatment regimen.  

SHAPE Analysis: First cycle mean dB pressure values and SD values were -1.97 ± 2.91 dB for 
responders and -6.08 ± 1.06 dB for non-responders (p = 0.01). Third cycle mean dB pressure values and SD 
values were 2.39 ± 3.41 dB for responders and -4.62 ± 1.05 dB for non-responders (p = 0.002). Last cycle 
mean dB pressure values and SD values were -3.91 ± 2.36 dB for responders and -2.38 ± 0.65 dB for non-
responders (p = 0.20). The comparison between the cycles for responders showed no significant statistical 
difference for first cycle versus last cycle (p = 0.28) and for first cycle versus third cycle (p = 0.06). However, 
a significant statistical difference was seen for third cycle versus last cycle (p = 0.001). The comparison 
between the cycles for non-responders observed significant statistical difference for first cycle versus last 
cycle (p = 0.0002) and for third cycle versus last cycle (p = 0.009), but no significant statistical difference 
was seen for first cycle versus third cycle (p = 0.06). 

Figure 1: Example of a SHAPE study and SHI imaging in a pancreatic tumor. Panel A shows the optimization curve 
used to determine the optimal mechanical index (MI) which corresponds to the optimal acoustic power to acquire the 
SHAPE data. Panel B shows a SHI imaging where the arrow shows CEUS enhancement inside the tumor. Panel C 
shows a SHI imaging where the arrow shows no CEUS enhancement inside the tumor. 
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SWE Analysis: First cycle SWE mean and SD values were 11.57 ± 4.06 kPa for responders and 5.75 ± 
0.78 kPa for non-responders (p = 0.001). After the third chemotherapy cycle SWE mean and SD values 
changed to 6.50 ± 2.00 kPa for responders and 7.30 ± 0.68 kPa for non-responders (p = 0.27). Last cycle 
SWE mean and SD values were not statistically significant 7.31 ± 2.39 kPa for responders and 7.14 ± 1.03 
kPa for non-responders (p = 0.83). The comparison between the cycles for responders showed significant 
statistical difference for first cycle versus last cycle (p = 0.005) and for first cycle versus third cycle (p = 
0.001); no significant statistical difference was seen for third cycle versus last cycle (p = 0.38). The same 
behavior was observed for non-responder with a significant statistical difference seen for first cycle versus 
last cycle (p = 0.001) and for first cycle versus third cycle (p < 0.0001), but with no significant statistical 
difference for third versus last cycle (p = 0.66). 

Figure 2: Example of a study case. Panel A shows a b-mode imaging where the arrow shows the pancreatic tumor. 
Panel B shows a SWE imaging where the arrow shows the pancreatic tumor and the SWE box.  

The comparison between SHAPE and SWE values divided into responders and non-responders 
compared at three time points: first, third and last cycles of chemotherapy using linear regression showed 
no correlation except for the first cycle responders (r2 = 0.70). 

Conclusions 
This was an initial analysis of SHAPE intra-tumoral pressure measurements and SWE stiffness 

measurements between responders and non-responders to SoC chemotherapy treatment augmented with 
sonoporation. The SHAPE data analysis showed that the mean dB values for responders decreased in 
SHAPE intra-tumoral measurements (indicating a pressure increase) from the first to the last cycleand that 
the mean dB values for non-responders increased in SHAPE intra-tumoral measurements (indicating a 
pressure decrease) from the first to the last cycle. Most importantly, results showed that between responders 
and non-responders there was significant statistical difference for the first cycle and third cycle. These 
preliminary results suggest that SHAPE intra-tumoral pressure measurements may be used to indicate 
chemotherapy response. The SWE data analysis showed that the mean values showed for responders 
decreased in tumor stiffness from the first to the last cycle, whereas for non-responders there was  increase 
in tumor stiffness from the first to the last cycle. The results also showed that between responders versus 
non-responders there was significant statistical difference for the first cycle (p = 0.001). These initial results 
suggest that PDAC stiffness may be used to indicate chemotherapy response. A comparison between the 
SHAPE and SWE  results showed that SHAPE and SWE correlation except for the first cycle responders 
(r2 = 0.70).  The use of non-invasive imaging modalities to evaluate chemotherapy response could help with 
patient care by providing a more precise indication of the tumor response to treatment. 
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Introduction 

Heavy and painful menstruations, as well as subfertility, profoundly affect the lives of many people [1]. 

Adenomyosis, a benign condition in which the endometrium grows into the myometrium, may be a root 

cause of these symptoms. Current estimates of adenomyosis prevalence vary widely (5-70%) [2], likely 

caused by diagnostic challenges due to adenomyosis’ diffuse aspect on B-mode ultrasound and MRI.  

 Adenomyosis has been shown to be associated with abnormal vascularization, which may be due to 

increased angiogenesis [3]. Therefore, a potential starting point for improving diagnosis may be imaging 

the uterine microvascularization using contrast-enhanced ultrasound (CEUS). This study hypothesizes that 

differences in microvasculature between healthy and adenomyotic uterine tissue can be visualized using 

CEUS. Besides CEUS time-intensity curve fitting, a quantitative analysis of pixel-based spatial similarity 

can be performed using contrast-ultrasound dispersion imaging (CUDI) [4], resulting in metrics such as 

spectral coherence (ρ), correlation (r), and mutual information (I) [5]. These metrics are inversely 

proportional to dispersion: the higher the local r, ρ and/or I, the lower the local dispersion. A lower 

dispersion is associated with higher vascular density, tortuosity, and irregularity of the microvasculature, 

potentially indicative of angiogenic processes. The objectives of this pilot study were to 1) determine 

optimal machine settings and feasibility of uterine CEUS, 2) visualize and describe the adenomyotic uterus 

on CEUS both qualitatively and quantitatively. 

Methods 

Adult women (n=15) visiting the tertiary referral Uterine Repair Center, Amsterdam UMC, presenting 

with prominent sonographic features of adenomyosis, e.g., hyperechoic islands and myometrial cysts, and 

a healthy control (n=1) were included in the study. They underwent a two-dimensional (2D) CEUS 

examination by bolus-tracking of SonoVueTM  (Bracco, Geneva) with a HERA W10 (Samsung Medison, 

Republic of Korea) ultrasound system, using an endovaginal EV3-10A or EV2-10B probe. This platform 

had not been optimized for uterine CEUS yet. Therefore, machine settings, such as gain, dynamic range and 

mechanical index, were varied across patients in order to optimize the acquisition for uterine CEUS. A 

custom transvaginal probe fixture was used to minimize uterine motion during the five-minute recordings.  
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Enhancement patterns of the resulting scans were analyzed qualitatively and quantitatively. Firstly, 

signal intensity of the discernible structures relative to each other, as well as the homogeneity of the 

myometrium enhancement, were visually assessed. Secondly, time-intensity analysis of the ultrasound 

contrast agent wash-in and wash-out was performed using VueBoxTM (Bracco, Geneva). In VueBoxTM, 

regions-of-interest (ROIs) were created for the uterine corpus, adenomyotic-appearing regions (i.e. regions 

that appeared adenomyotic on B-mode), adjacent healthy-appearing myometrium and endometrium on the 

2D CEUS images based on the corresponding 2D B-mode images. VueBoxTM proprietary motion correction 

was applied to the scans. Time-intensity curves (TIC) were fitted to the measured CEUS intensities and 

wash-in (i.e. rise time and time-to-peak) and wash-out time parameters (i.e. fall time) were extracted.  

Pixel-based spatial similarity analysis was performed using the CUDI [4] framework. In this analysis, 

the kernel of choice is an annulus of pixels with an inner and outer diameter (in the range of millimeters), 

to which the central pixel (i.e., located at the center of this annulus) is compared. For quantification of spatial 

similarity, ρ, r and I  were computed between the TIC of the central pixel and those of the pixels in the 

kernel. To visualise these results, parametric maps of these metrics were generated over the ROIs.   

Results 

Fifteen adenomyosis patients and one healthy control were included in this pilot study, of which ten 

adenomyosis patients and the healthy control could be quantitatively analyzed. Uterine CEUS was 

straightforward to perform and well-accepted by all patients. The optimal settings for 2D CEUS resulted to 

be a gain of 30 dB, dynamic range of 45 dB, and mechanical index of 0.1. Upon visual inspection of the 

CEUS scans, the myometrium of the healthy control was homogeneously enhanced and the endometrium 

was hypo-enhanced. In the adenomyosis patients, the myometrium that appeared adenomyotic on B-mode 

showed heterogeneous enhancement, featuring both hyper- and unenhanced spots and the endometrium was 

hypo-enhanced. There was a large variation in CEUS enhancement patterns across patients (see Fig. 1).  

Based on VueBoxTM analysis, wash-in and wash-out times appeared to be extended in adenomyotic-

appearing regions when compared to adjacent healthy-appearing myometrium and to the myometrium of 

the healthy control.  
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Figure 1. B-mode (left) and CEUS (right) of a sagittal section of the uterus (solid and dashed delineation) at peak 
intensity for the healthy control (A) and three adenomyosis patients (B, C, D). These images were all acquired at the 
optimal settings of gain = 30 dB, dynamic range = 45 dB, mechanical index = 0.1. 

The CUDI parametric maps of the spatial similarity metrics reflect the enhancement behavior, most 

prominently when considering the I metric. The ρ, r and I all show higher values and a high heterogeneity 

in the adenomyotic myometrium, hence associated with heterogeneity in the local dispersion. The 

performance of these spatial similarity metrics is heavily influenced by the optimization of the used annular 

kernel, which should be optimized such that minute changes, stemming from early angiogenic processes, 

can be detected. The results presented here are preliminary and the optimal kernel settings are yet to be 

defined. The heterogeneity of  ρ, r and I seems to coincide with the tissue heterogeneity of adenomyosis, 

hence they are potentially relevant features and warrant further investigation. Representative CUDI 

parametric maps of an adenomyotic uterus and for comparison those of a healthy uterus can be observed in 

Fig. 2 and Fig. 3, respectively. Observe the expected lower degree of heterogeneity in the healthy uterus, 

presented through all spatial similarity metrics.  
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Figure 2. B-mode ultrasound and corresponding CUDI spatial similarity parametric maps of an adenomyotic 
uterine corpus. On the B-mode, the uterine corpus and there within the endometrium are delineated. 

Figure 3. B-mode ultrasound and corresponding CUDI spatial similarity parametric maps of a healthy uterine 
corpus. On the B-mode, the uterine corpus and there within the endometrium are delineated. 

Conclusion 

Uterine CEUS is a feasible technique to image microvascular structures in the adenomyotic uterus. The 

promising results from the TIC and CUDI spatial similarity analyses warrant a large prospective study to 

accurately characterize and discriminate adenomyotic from healthy tissue. 
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Introduction 
Ultrasonically driven microbubbles have been promoted as agents in targeted drug delivery thanks to 

their ability to exert mechanical action on the surrounding cell and tissues and to enhance their permeability 
to drugs. The mechanical stresses generated by the oscillation of microbubbles in contact with cells can 
result in the perforation of the cell membrane, a phenomenon known as sonoporation. However, the exact 
physical mechanisms causing sonoporation at clinically relevant acoustic driving are still unclear. We have 
recently observed contrast agent microbubbles forming repeated jets that can hit a nearby substrate, and 
believe them to play a major role in sonoporation [1]. These jets are different from the previously reported 
inertial jets [2] formed at high amplitudes (~MPa) from bubbles that get quickly destroyed in that here, the 
jet originates from nonspherical shape oscillations [3] and can hit the same spot several times within an 
ultrasound burst. Here, we investigate the physics behind jet formation of larger bubbles driven 
ultrasonically near a substrate leveraging high-speed phase-contrast X-ray and visible light shadowgraphy 
imaging. These experiments confirm that shape modes are responsible for generating repeated jets against 
a substrate at remarkably low acoustic pressures [4]. Lipid coating of the bubble is found to further reduce 
the jetting threshold pressure. 

Methods 
A rising stream of monodisperse bubbles within a size range of 10-100 µm is generated using custom-

made polydimethylsiloxane (PDMS) microfluidic chips consisting of a T-junction between the continuous 
phase (water for uncoated bubbles), and the dispersed phase (air), and a secondary sheath flow, assisting the 
bubble separation by increasing the flow rate. Lipid-coated bubbles are produced using a lipid solution as 
the continous phase, containing DSPC and DSPE-PEG2000 in a 9:1 molar ratio, with a concentration of 10 
mg/ml. One of these micrometric air bubbles is diverted from the stream and placed to rest on a flat glass 
substrate immersed in water. We subject the bubble to a 30-kHz or 100-kHz acoustic pulse (for which 
resonant bubble sizes are 110 and 33 µm, respectively)  from an ultrasound transducer with pressure 
amplitudes ranging between 0.1 and 30 kPa. We use side-view microscopy with 20× or 30× magnification, 
coupled with a high-speed camera, to temporally resolve the bubble response at frame rates ranging from 
100 kfps to 1 Mfps. In complement to shadowgraphy, we also leverage synchrotron X-rays (30 keV) that 
enable propagation-based phase-contrast imaging at ultra-high frame rates on the 150-m long ID19 beamline 
of the European Synchrotron Radiation Facility to obtain an undistorted view on interfaces and, in particular, 
jet formation within bubbles. The water chamber is equipped with sliding window tubes on two opposing 
sides to minimise the distance the X-rays travel within the attenuating water, all while preserving enough 
space for the undisturbed propagation of the ultrasound pulse (10 mm). 

Results 
An example of an ultrasonically driven 36-µm microbubble forming repeated jets near a substrate at a 

pressure amplitude of 12 kPa is shown in Fig. 1(a). Ultrasound driving initially induces spherical oscillations 
of the bubble. This so-called breathing mode then triggers the well-known Faraday instability, which causes 
axisymmetric interface deformations. Initially, this zonal shape mode follows the driving frequency, making 
it harmonic (see frames 50-70 µs). After some time, the shape mode becomes half-harmonic manifesting a 
period-doubling behaviour (see frames from 200 µs). The mode amplitude then increases and eventually 

The 29th European symposium on Ultrasound Contrast Imaging 
-------------------------------------------------------------------------------------- 

49



results in a so-called Longuet-Higgins jet (230 µs) - known from jets forming from standing surface waves 
[5]- hitting the surface at every shape mode cycle, i.e., at every second ultrasound cycle. Eventually, the 
bubble may lose its axisymmetry through the appearance of non-zonal shape modes and the jetting stops (in 
this particular case, after 11 shape mode cycles). From these visualisations it is clear that shape modes can 
drive repeated jetting to the same spot on the surface, even at very low ultrasound amplitudes, making them 
a potential damage mechanism in sonoporation. 

At higher pressure amplitudes, as shown in Fig. 1(b) (at 28 kPa and 23-µm bubble size), the bubble’s 
response is quick and intense. Also here a Longuet-Higgins jets forms as a result of the conical collapse of 
the tip of the bubble (14 µs).  However, the mode amplitude becomes so large that upon shape reversal it 
causes a cylindrical collapse of the bubble, which in turn generates two so-called Worthington jets - known 
from jets forming from objects hitting a pool of liquid [6] - one upwards (towards the substrate) and one 
downwards from the location of the cylindrical collapse (24 µs). Such dynamics repeats itself in the 
following ultrasound cycles but the shape of the bubble gets quickly perturbed, weakening the jets. It is 
therefore clear that, at large amplitudes, we can get very strong jetting against the substrate, yet it is not 
sustained over several cycles and the bubbles may get quickly destroyed. 

Figure 1. Shadowgraph microscopy images of the dynamics of air bubbles near a rigid substrate subject 
to 100-kHz ultrasound at (a) 12 kPa and (b) 28 kPa. 

From our visualisations, we find that the the main lobe of the zonal shape mode that is first developed 
is most likely to produce a jet. By leveraging X-rays, which circumvent light refraction issues at curved 
interfaces, as depicted in Fig. 2(a), we find a clear threshold for the maximum acceleration of this lobe (ath 
= 5 × 105 m s-2) for it to produce a jet across a wide range of bubble sizes and shape mode orders, as shown 
in Fig. 2(b). 
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Figure 2. (a) X-ray images of the jetting dynamics of a bubble driven at 30 kHz and 11 kPa. (b) Measured 
maximum tip acceleration for bubbles across a range of bubble sizes and shape mode orders. The red solid 

line represents the apparent tip acceleration threshold for jetting. 

The question arises whether the observed dynamics for these large, uncoated bubbles near a hard glass 
substrate is the same as that expected at microscale near soft substrates and cells, and whether it is relevant 
for sonoporation. The main difference is a higher pressure thershold for ultrasound contrast agent 
microbubbles, which may start jetting at ~100 kPa at their resonance frequency in the MHz range [1]. This 
is caused by the acoustic frequency: the higher the frequency, the higher the pressure needed to drive high-
amplitude bubble oscillations (similarly to the cavitation effects predicted by the mechanical index). As for 
the coating, for large micrometric bubbles such as here, the coating decreases the pressure threshold to levels 
even below 1 kPa. Figure 3 directly compares the dynamics of a coated and an uncoated bubble at < 5 kPa, 
showing how the coating facilitates shape mode and jet formation. Therefore, without the coating, 
ultrasound contrast agent microbubbles would probably require prohibitively high pressures to jet. Finally, 
we have observed the same dynamics also with ultrasound contrast agent microbubbles near soft substrates, 
as well as near endothelial cells [7]. 

 

 

 

 

 

 

 

 

 

 

Figure 3. Comparison of the dynamics of (a) an uncoated and (b) a coated 28-µm bubble under 100-kHz 
ultrasonic excitation. 
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Conclusions 
We have identified a low-pressure amplitude range (5 − 15 kPa) in which modal dynamics enable 

repeated jets onto a substrate from bubbles of the size range 10-100 µm driven at 30 or 100 kHz. We also 
find a jetting criterion based on the acceleration of the tip of the main lobe. Coating of the bubble further 
lowers the jetting threshold to below 1 kPa. Higher acoustic pressures (> 15 kPa) can also form strong jets 
which, however, are not sustained over many cycles. The shape deformations fostering repeated, sustained 
bubble jetting on a substrate is a plausible explanation for sonoporation to occur at the clinical acoustic 
parameters.  
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Introduction  
Narrowing down the ultrasound-driven response of a suspension of lipid-coated microbubbles is a 

promising pathway to the use of bubbles for functional ultrasound sensing, e.g., for blood pressure sensing 
and molecular imaging using targeted bubbles. The first hurdle toward a uniform acoustic bubble response 
has recently been cleared by allowing stable microfluidic monodisperse bubble formation. The remaining 
and most pressing question that we address here is: Are monodisperse lipid-coated microbubbles ’mono-
acoustic’? In other words, do they have uniform shell properties and therefore a uniform acoustic response?  

Methods 
The monodisperse microbubble suspension characterized in the present work was formed in a flow 

focusing device (Fig. 1A) using our standard lipid mixture (DSPC / DPPE-PEG5000, 9:1 molar ratio) [3,4]. 
The uniformity of the shell properties was investigated by, first, adding 0.01 mol% of lipophilic fluorescent 
dye (Rhodamine-DHPE, ThermoFisher Scientific) to the lipid formulation to visualize potential phase 
separation of condensed and expanded domains in the shell. Second, the viscoelastic shell properties of the 

Figure 1. (A) Flow focusing device for monodisperse bubble production. (B) The shell of monodisperse 
lipid-coated microbubbles has phase-separated microstructures that are nonuniform across the bubble 
population. (C) Acoustical Camera (AC) setup employed to measure resonance curves of nearly 2000 
individual freely floating microbubbles. (D) Typical strain response of a 2.3-µm radius bubble. (E) The 
obtained shell viscosity values of the monodisperse bubbles varied over as much as one order of magnitude 
and (F) their resonance frequencies varied by a factor of two.  
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monodisperse bubbles were characterized by measuring resonance curves of individual freely floating 
bubbles using a high-frequency (HF) off-resonance geometrical acoustic scattering technique named the 
’acoustical camera’ (AC). The AC setup consists of a water tank (Fig. 1C, h = 26 cm) with 3 confocally 
aligned and perpendicularly mounted transducers: HF1, HF2, and LF. The tank was filled with a highly 
diluted microbubble suspension, which was continuously stirred such that microbubbles passed one-by-one 
through the confocal transducer zone. Once detected, the bubble was insonified by four successive linear 
chirps (1 – 5 MHz) transmitted by transducer LF. Each chirp had a constant acoustic pressure amplitude 
which successively was 7, 14, 21, and 42 kPa. The strain response of the bubble was measured by amplitude 
demodulation of the geometrical scattering of the 25 MHz probing singnal transmitted by HF1 and received 
by HF2 (Fig. 1D). The resting radius R0 of the bubble was obtained through phase demodulation of the HF 
scattering signal [1]. The viscoelastic shell properties of nearly 2000 individual bubbles were obtained by 
fitting the linearized Marmottant model [2] to the measured strain envelopes.  

Results 
The distributions of the shell viscosity κs and the resonance frequency fres as a function of R0 for all 

characterized bubbles are plotted in Fig. 1E and F, respectively. The figures demonstrate that for the narrow-
sized bubble suspension with a mean radius of 2.4 μm that was characterized in the present work, 
remarkably, κs varied over as much as one order of magnitude, from 2 × 10−9 up to 2 × 10−8 kg/s, and fres by 
a factor of 2, from 1.7 MHz up to 3.5 MHz. Thus, the microfluidically formed monodisperse bubbles 
characterized in this work are not mono-acoustic due to a variation in the bubble shell viscoelastic properties.  

The range of κs values corresponds to a decreased resonance frequency by 1 to 9% (fres = f0 √(1-δtot
2/2), 

with δtot
 the total damping). Thus, the measured variation in fres by a factor of two must have mainly resulted 

from variations in χ and/or σ(R0). To disentangle the effects of χ and σ(R0), we solved the full non-linear 
Marmottant model to obtain fres using the same chirp driving pulse as in the measurements. We first use a 
constant value for χ of 0.5 N/m while σ(R0) was either set to 35 mN/m or zero, see the orange and yellow 
dashed curves in Fig. 1F, respectively. A χ of 0.5 N/m was selected as it is the shell elasticity obtained for a 
suspension of bubbles with a very similar shell composition. Note that the higher range of measured fres is 
not captured by a χ of 0.5 N/m. As such, second, we plot numerically obtained curves for a χ of 1.3 N/m 
while again, σ(R0) is either set to 35 mN/m or zero, see red and green dashed curves, respectively. A 
comparison between the modeled curves and the measured spread in fres demonstrates that the spread in fres 
cannot be explained by either a variation in χ or σ(R0) alone. Thus, across the bubble population, the 
microfluidically formed bubbles in the present work had not only a range of shell viscosities, but also a 
range of shell elasticities, as well as a range of initial surface tensions.  

Conclusions 
We demonstrate that DSPC and DPPE-PEG5k (9:1 molar ratio) coated monodisperse microbubbles 

formed by microfluidic flow focusing using our protocols [3,4] have (i) nonuniform phase separated shell 
microstructures, (ii) nonuniform viscoelastic shell properties, and (iii) nonuniform acoustically driven 
dissolution behavior. These intriguing conclusions raise many questions and more work is needed to 
elucidate (i) the nucleation and growth of shell domains, (ii) whether the spread in the obtained shell 
properties originates from the inhomogeneous shell microstructures, and (iii) how bubble stability can be 
enhanced.  
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Introduction 
Microbubble response at half the insonification frequency (f/2) is sensitive to ambient pressure. 

However, different studies[1,2] show very different subharmonic responses as a function of ambient 
pressure. Some report increase of subharmonics for increasing ambient pressure (i.e., positive ambient 
pressure sensitivity)[2], while others show a decrease (i.e. negative sensitivity)[1]. In this study, we 
measured the change in subharmonics from single monodisperse microbubbles undergoing a dynamic 
ambient pressure change and numerically investigated why some of these bubbles exhibited positive 
sensitivity and others negative sensitivity under the same driving conditions. 

Methods 
Monodisperse lipid-coated microbubbles with a perfluorobutane gas core were generated in a 

microfluidic chip[3] from a lipid mixture of DSPC:DPPE-PEG5000:Pluronic F68 in a 81:9:10 molar ratio. 
Microbubbles were collected in a gas-tight vial and stored for two days. These were then sized in a Coulter 
counter (Multisizer 3, Beckman Coulter, Mijdrecht, The Netherlands), shown in Fig. A. Approximately 700 
single bubbles were measured in an ‘acoustical camera’ setup extended with a speaker to induce a dynamic 
ambient pressure Pamb during the measurement of a single bubble (shown in Fig. E). Bubbles were driven 
into volumetric oscillation by an acoustic pulse of 1125 cycles with a frequency f of 4.5 MHz and 100 kPa 
pressure amplitude. The radial oscillation amplitudes of the vibrating bubbles were measured from high-
frequency (HF; 25 MHz) scattering as in[4]. The dynamic ambient pressure Pamb comprised a 5-cycle 20 
kHz wave of 2.7 kPa (40 mmHg peak-to-peak) around a static pressure of 104 kPa.  

The subharmonic (f/2) amplitude SubH was extracted by bandpass filtering the bubble’s radial strain 
signal around f/2 with a 50 kHz bandwidth, which can increase or decrease with respect to Pamb, as shown 
in (Fig. B). To quantify the change in subharmonic amplitude it was linearly fit to Pamb by: 

SubH = SsubH*Pamb + asubH, 
where  SsubH is the sensitivity of the subharmonic to ambient pressure and asubH the subharmonic level at 
Pamb=0.  

To understand how resting radius R0 and initial surface tension σ(R0) influence the SsubH and asubH, 
simulations were performed using the full Rayleigh-Plesset solution with the elasticity described by the 
Marmottant model[5] using a shell stiffness of 0.65 N/m, with R0 ranging from 1.6 to 2.4 µm to include the 
entire monodisperse bubble population, and σ(R0) from 0 to 31 mN/m. 

Results 
One hundred and fifteen bubbles showed asubh > 0.5% and 92 had an absolute sensitivity > 0.005 

%/mmHg. Of the microbubbles having a absolute sensitivy, 62/92 showed positive SsubH. The measured 
sensitivity values for negative sensitivity responses were grouped together and shown in Fig. B. The positive 
sensitvity responses are shown in Fig. C. For the negative responses, SubH was more stable over time. The 
SubH is also shown as a function of Pamb in Fig. D, which shows that responses exhibiting positive sensitivity 
have a higher Ssubh, but a lower asubH.  
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Simulated sensitivity values SsubH are shown on a false color scale histogram in Fig. F, with red indicating 
positive and blue indicating negative sensitivity. Simulated asubH values are shown on the false color scale 
image of Fig. G. Regions of high absolute Ssubh overlap with regions where asubh is relatively low. The 
simulated positive sensitivity values are found in a narrow diagonal band ranging from σ(R0) of 0 mN/m 
and R0 of 1.7+-0.05 µm, to σ(R0) of 31 mN/m and R0 of 2.3+-0.1 µm. The simulated negative sensitivity 
values are found at nearly the entire bottom right corner of Fig. G from σ(R0) of 0 mN/m and R0 values of 
1.8 to σ(R0) of 12 and R0 of 2.4 µm.  

Conclusions 
Single bubbles vibrating subharmonically can increase or decrease in subharmonic amplitude with 

ambient pressure. For the narrow size distribution measured here more bubbles exhibited positive sensitivity 
which also had a higher sensitivity magnitude. Responses exhibiting negative sensitivity had stronger 
subharmonics and were more stable. Simulations show that the parameter space where positive sensitivity 
is expected is narrower than the region where negative sensitivity is expected, and that low sensitivity is 
expected at higher subharmonic levels. 

Figure 1. Microbubble population as measured by Coulter counter (A). Measured averaged subharmonic 
amplitude SubH as a function of time with transparant regions indicating standard deviation and dashed 
black line indicating phase θ of applied ambient pressure Pamb, for all (B) negative sensitivity (SsubH<0) and 
(C) positive sensitivity responses. Average SubH as a function of Pamb for negative (blue) and positive 
sensitivity (red) (D). Schematic of the acoustical camera setup used (E). Simulated sensitivity values SsubH, 
color coded red for positive and blue for negative sensitivity (F) and simulated subharmonic levels asubh at 
Pamb = 0 for all R0 and σ(R0) (G). 
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Introduction 
Microbubbles (MBs) are currently being investigated as delivery agents for localized therapeutic 

interventions. Prior in vitro work has shown that ultrasound-targetted MB cavitation can enhance delivery 
of otherwise impermeant large molecule agents via MB-induced shear force and generation of membrane 
pores and intercellular gaps [1]. Other ex vivo work has shown that MBs behave differently in 
microvascular environments as compared to free floating in vitro environments. For example, ex vivo 
studies in the rat cecum and mesentery showed that MBs became elongated in shape with reduced 
expansion of bubbles due to the elastic forces of the surrounding microvessel, and could cause vessel 
expansion, invagination, as well as vessel rupture. The oscillations of the MBs can further create microjets 
[2, 3].  

Studying MBs in vivo introduces numerous variables, including blood flow, blood viscosity, 
interaction with red blood cells, and the dynamic viscoelastic interactions between MBs and the 
surrounding microvessel and tissue. The biophysical interaction of the MB and the microvasculature in 
vivo has not yet been fully described due to the technical challenges of capturing circulating individual 
MBs in motion at a high temporal and spatial resolution.  Here, we provide the first observations of MB 
cavitation behavior in the microcirculation in vivo. 

Methods 
Animal experiments were approved by the University of Pittsburgh Institutional Animal Care and Use 

Committee.  Prior to each experiment, a single element ultrasound transducer (model A302S-SU-F1.63-
PTF, Olympus NDT) was positioned in a custom  temperature-controlled intravital imaging chamber, and 
was aligned to the optical focal plane. The 3-dB width of the ultrasound beam was 2.5 mm. The UPMC 
Cam [4], an ultrafast microscopy camera utilizing a helium-driven rotating mirror design and capable of 
recording up to 25 million frames per second for 128 frames, was used to to capture the dynamic behavior 
of the microbubble at 8-12 million frames per second (10-20 μs movie duration) at 40-60× magnification. 

Wistar male rats weighing 150g-250g were anesthesized with inhaled isoflurane. The cremaster 
muscle was externalized and prepped for intravital imaging [5]. A polyethylene catheter was placed into 
the ipsilateral femoral artery and advanced until positioned just proximal to the inferior epigastric artery, 
which was confirmed with visualization of saline flushing the cremasteric feeding artery. The animal was 
then placed in the custom stage, with the externalized cremaster tissue mounted in the confocal area for 
high speed microscopy. Activated Definity (Lantheus) was injected via femoral arterial line in 20-60 μL 
boluses. For each acquisition, a single pulse of six to ten cycles of ultrasound (f=1 MHz, acoustic 
pressures = 0.8-1.75 MPa) was delivered to a portion of the cremaster muscle.  

Microscopy images were analyzed with MATLAB using a minimum cost algorithm for pixel 
intensities over a given region of interest for MB border detection [6]. The MB dimensions were 
determined using the direct linear square fitting method for ellipses to obtain major axis (longitudinal 
along length of vessel) and minor (radial) axis measurements [7]. The area of the ellipse was used to 
calculate an equivalent diameter of the MB assuming a circular shape. Aspect ratio was calculated as the 
major axis of the ellipse divided by the minor axis.  
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Results 

The MBs expanded in response to ultrasound pulses, often taking an ellipsoid shape with more 
longitudinal expansion along the major axis (Figure 1). Figure 2 shows an example of major and minor 
axis plotted against time, for a MB exposed to 10 cycles of 1 MHz, 1 MPa ultrasound and imaged at 
approximately 9 million frames per second. All ten ultrasound cycles can be appreciated in the MB 
expansions. There was a trend of larger MB areas with increasing acoustic pressure (Figure 3). 

Similar to prior ex vivo studies, microvessel expansion, as well as invagination, was observed with 
MB contractions. However, new findings were also observed in this in vivo study. Some of the MBs were 
observed to split into lobes (Figure 4) with the applied ultrasound pulse. Instead of fragmenting, the MB 
lobes subsequently merged again. In addition, the expansion and contraction of the MB caused subtle 
oscillation in position of the adjacent red blood cells.  

Conclusions 
We describe in vivo behavior of MBs in the microcirculation under ultrasound excitation, using the rat 

cremaster muscle and high speed microscopy. The observations confirm predictions from prior ex vivo 
work that MB expansion is reduced due to the resistance from the surrounding microvasculature and 
tissue. Unlike a MB without boundary, which would expand spherically, the MB is compressed by the 
microvessel and elongates into an ellipsoid shape. As it expands against the vessel, the MB exerts normal 
force back to the microvessel and tissue. These coupling forces of the MB and the microvasculature 
suggest that the MB behavior not only reflects properties of the MB, but also the viscoelastic properties of 
the surrounding vessel and tissue. 

The oscillations of the MB under ultrasound also create shear stress in the microvasculature, and some 
of these forces can be visualized by the oscillating positions of surrounding red blood cells. The added 
viscosity of blood likely attenuates MB expansion and decreases fragmentation [8]. Similarly, the 
surrounding microvessel and intravascular cells may limit the amplitude of oscillation and provide 
protection against fragmentation.  Lastly, the bioeffects of the microbubble may also affect flow via 
downstream effects of shear stress on the endothelium and red blood cells, such as nitric oxide release.  

Figure 1. Examples of microbubbles taking elongated ellipsoid shapes due to vessel compression. 
Surrounding red blood cells can be seen in the microvessels. 
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Figure 2. Major and minor axis measurements of a microbubble with 10 cycles of ultrasound at 1 MHz 
and 1 MPa, imaged at 8.6 million frames per second.  

Figure 3. Calculated maximal diameter plotted in microns. Each point represents one microbubble. 
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Figure 4. Examples of microbubbles forming multiple lobes. 
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Introduction 
CAR (Chimeric Antigen Receptor) T-cell therapy presents a fast-growing field of cancer 

immunotherapy. It aims at harnessing the power of T-cells isolated from the cancer patient. In contrast to 
other cancer treatments such as chemotherapy, the patient’s own immune cells are taken out using a process 
called leukapheresis. Then, after selection and activation of T-cells, these cells are reengineered by 
introducing a genetic sequence to express the CARs proteins on their surface that allows them to recognize 
and destroy the cancer cells. Once expanded in the lab, these modified T-cells are re-administered to the 
patient through the vein to directly fight cancerous cells. As such, genetically modified CAR T-cells are 
acting as ‘living drugs’. Since the commercialization of the first CAR T-cell therapy in 2017 (Kymriah®), 
other innovative and individualized T-cell drugs were approved by regulatory bodies (FDA, EMA, NMPA) 
and thousands of global clinical trials are ongoing in the oncology pipeline [1]. However, despite these 
approvals, there is still an urgent need to overcome some challenges and practical barriers to enable a 
widespread use of CAR T-cell therapy in the clinical practice [2]. In particular, the manufacturing workflow 
remains very complex, labor and cost intensive with a vein-to-vein process requiring up to 3-4 weeks with 
a typical price higher than 300 k$ per dose. 

Figure 1: Typical cell therapy workflow 

Among the different steps of this complex workflow (See Figure 1), separation/isolation of T-cells from 
other contaminants (red blood cells, monocytes, granulocytes) is essential to streamline the cell therapy 
workflow. In fact, it was shown that appropriate T-cell isolation might impact both quality, efficacy and 
safety, and ultimately the clinical outcome. Until recently, Magnetic-Activated Cell Sorting (MACS) and 
Fluorescence-Activated Cell sorting (FACS) were the main technologies for cell isolation but these 2 
methods suffer from some weaknesses in terms of throughput, scalability and gentleness with the cells which 
is essential for an efficient use of T-cells as medicines. BACS (Buoyancy-Activated Cell Sorting) represents 
a novel procedure. In this method, targeted cells are first labeled with a biotinylated specific antibody. The 
buoyancy agent (functionalized with biotin binding protein such as avidin or streptavidin) is added to the 
cell mixture. After incubation, the complex (targeted cell/buoyancy agent) is separated by centrifugation 
allowing the targeted cell recovery (Figure 2). 

In this study, we propose to use BACS procedure using specifically designed streptavidin coupled 
microbubbles to overcome the limitations of the current cell sorting technologies [3]. Comprehensive 
characterization of the BACS-MB was performed in terms of size, concentration and streptavidin (STV) 
density. In particular, cell recovery tests were also implemented to assess BACS-MB performances.  

Methods 

Microbubbles preparation: Streptavidin was coupled to microbubbles using the thiol/maleimide 
reaction. The final formulation was freeze-dried to enable long term stability, easy storage, and 
transportation. After redispersion in a saline solution, a milky suspension of BACS-MB was obtained. The 
microbubbles features were characterized using Coulter counter Multisizer to determine the size distribution 
and concentration. 
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A cell recovery test using a human cancerous cell line, namely CCRF-CEM (with CD45 antibody), was 
established to assess the BACS-MB ability to select targeted cell populations.  

 

Figure 2: BACS: in vitro Buoyancy-Assisted Cell Sorting (BACS) [4] 
 

Results 
Gas-filled streptavidin functionalized microbubbles were obtained in the form of freeze-dried material. 

Some key quality attributes were identified to allow efficient flotation of targeted cells (positive selection). 
The streptavidin density on the MB surface appeared to influence the cell recovery. Higher was the 
streptavidin density and higher was the cell recovery. 

These microbubbles bind specifically to the desired target cells increasing their buoyancy. Subsequent 
collection of the floating target cells coated with microbubbles provide a highly purified preparation of 
target cells, with high recovery efficiency and cell viability. 

Using a specific CD45 biotinylated antibody to select human lymphoblast cells, a very high cell 
recovery was achieved, above 95%, with the targeted cells-MBs are collected on the top in the supernatant 
whereas the rest sinks down in the infranatant. Similar cell recovery data combined with a high purity and 
viability were accomplished in the case of human primary T-cells (Figure 3). In addition, our BACS process 
was compared to a MACS method, considered as a gold standard, for T-cells isolation from human blood 
showing similar to higher performances in terms of cell recovery, purity and viability. In contrast to other 
cell sorting techniques, BACS is a gravity driven process without the need for a magnet, column, 
microfluidics or other specific equipment. 

 
 

 

Figure 3: Cell recovery for human lymphoblast cells (CCRF-CEM) and human primary T-cells 
using BACS-MB 
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Conclusions 

The BACS microbubbles developed by Bracco present competitive benefits over existing cell 
sorting systems. In fact, the targeted cells can be efficiently collected with a high purity along with a very 
good recovery. Due to the softness of the process, relying on natural MBs floatability, there is no stress on 
the cells thus leading to increased cell viability. More importantly, contrary to other methodologies, no 
debeading is needed and microbubbles can be removed gently by applying overpressure. The BACS process 
is cost effective, scale independent and easily amenable to automation for CAR T-cell manufacturing 
purposes. To conclude, this in vitro buoyancy agent holds a great potential in the cell therapy manufacturing 
space by reducing cell processing time, increasing the yields and making these life-saving therapies 
accessible and affordable for patients in need. 
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Abstract 
Carotid plaque, a key contributor to ischemic strokes, presents significant challenges in public health 

globally. The rupture of vulnerable carotid plaques, leading to thrombus formation, is a primary cause of 
these strokes. In this context, Contrast-Enhanced Ultrasound (CEUS) has emerged as a vital diagnostic and 
management tool due to its high temporal resolution and sensitive blood flow imaging capabilities. 

CEUS significantly improves the detection rate of hypoechoic plaques on the anterior wall, crucial for 
early diagnosis. It offers enhanced visualization of carotid lumen stenosis and effectively identifies 
vulnerable plaques, such as ulcerated plaques and those with intraplaque neovascularization. This ability 
aids immensely in early intervention strategies. In differential diagnosis, CEUS excels by distinguishing 
carotid plaques, dissection, and Takayasu's arteritis. Its accuracy in identifying these conditions helps tailor 
patient-specific management plans. Additionally, CEUS holds predictive value in cerebrovascular events, 
thereby facilitating proactive patient management and potentially reducing the occurrence of adverse 
outcomes. Therapeutically, CEUS enhances diagnostic accuracy for pseudo-occlusions. This improvement 
is particularly beneficial in guiding interventions for symptomatic cases, aiming to reduce the long-term risk 
of strokes and carotid occlusions. CEUS also plays a crucial role in monitoring treatment progression, 
especially in pharmacotherapy, by assessing changes in neovascularization within plaques. Furthermore, 
CEUS is invaluable in prognostic evaluations, particularly following carotid endarterectomy. It also 
enhances the clarity and resolution of ultrasound images post-vascular stent placement, contributing to better 
post-procedural care and outcome assessments. 

In summary, CEUS stands as a cornerstone in the modern approach to managing carotid artery disease. 
Its capabilities span across diagnosis, treatment, prediction, prevention, and prognosis, solidifying its 
essential role in improving patient outcomes in carotid artery-related pathologies. 
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Introduction 
The blood-brain barrier (BBB) limits the efficacy of drug therapies for treatment of brain diseases.  Low 

intensity pulsed ultrasound (LIPU), in combination with administration of microbubbles, can be used to 
temporarily disrupt the BBB and enhance the delivery of systemic drugs for the treatment of brain tumors 
and other brain diseases. 

Methods 
A 1-MHz implantable ultrasound system (SonoCloud, Carthera, Lyon, France) was developed to use 

LIPU for temporary and repeated BBB disruption [1, 2].  The system consists of an implant with either one 
[2] or nine [3] circular, 10-mm diameter ultrasound transducers attached to a titanium mesh. The device is
implanted in a skull window during surgery. The system is connected to an external radiofrequency
generator using a single-use transdermal needle and pulsed ultrasound is applied using a low duty cycle for
a duration of several minutes at time of a bolus infusion of microbubbles. The system is accessed in an
outpatient infusion suite with no need for imaging guidance, at the time of administration of therapeutic
agents, with the BBB opening procedure lasting several minutes. A first-in-human clinical trial was launched 
in 2014 with the first version of the system (SonoCloud-1) using SonoVue® (Bracco) microbubbles [1, 2]
and additional trials with a second generation version with a larger volume of coverage (SonoCloud-9) in
2019 using Definity® microbubbles (Lantheus) [3]. To date, clinical trials using this system have been
performed in patients with glioblastoma [1, 2, 3], Alzheimer's Disease [4], and brain metastases using a
wide spectrum of therapeutic agents including carboplatin, nab-paclitaxel, and immune checkpoint
inhibitors.

Results 
Results from the first-in-human clinical trial in glioblastoma patients demonstrated that BBB disruption 

is safe and well-tolerated by patients. These results were used to establish safe ultrasound parameters (1.03 
MPa at 1 MHz) for repeated BBB disruption. Subsequent phase 1/2 trials have further demonstrated the 
safety of repeatedly disrupting the BBB over a larger volume (>6x6x6 cm3). Furthermore, results from these 
trials have demonstrated that disruption can be achieved using either SonoVue® or Definity® microbubbles 
and that the BBB is rapidly restored within several hours [3]. Thus, there is an optimal window for 
administration of therapeutic agents to maximize drug delivery to the brain using this approach. 
Intraoperative sonication and measurement of drug concentrations furthermore showed that drug 
concentrations are increased by 4-6x in the brain [3]. A phase 3 clinical trial has been launched in patients 
with recurrent glioblastoma to further explore the efficacy of this approach.      

Conclusions 
Since 2014, clinical trials have demonstrated the safety of using the SonoCloud System in more than 

100 patients treated (>500 sonications to disrupt the BBB).  A recently launched, Phase 3, registrational trial 
in Europe and the United States will further validate the efficacy of this approach in patients with recurrent 
glioblastoma and may provide a new treatment option for patients with severe brain diseases. 
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Introduction 
Cardiovascular diseases are the global burden of contemporary humanity. Described as the leading 

cause of mortality and disability, it has become a medical priority with the ever-increasing aging of the 
global population. Among the various pathologies related to the cardiovascular system, our group has 
focused on thrombotic diseases. They result from the pathological formation of a blood clot (thrombi) due 
to dysregulation in the hemostatic system and/or atherosclerotic disease. Thrombi are primarily composed 
of fibrin mesh trapping red blood cells, activated platelets, and circulating inflammatory cells, and they form 
in both veins and arteries. The major risk is vessel occlusion caused by the displacement of the thrombus to 
the lungs (pulmonary embolism), the small vessels of the heart (myocardial infarction), and the brain 
(stroke). Standard thrombolysis relies on the injection of recombinant tissue-type plasminogen activator 
(rtPA), which activates plasminogen into plasmin, the primary fibrinolytic protease. As a result, plasmin 
disassembles cross-linked fibrin and releases trapped cells. When administered systemically, rtPA has a 
relatively short half-life (approximately 4 minutes) due to the presence of its natural inhibitor (PAI-1). 
Consequently, the drug is injected at a concentration (0.9 mg/kg of body weight) that entails dose-related 
side effects such as neurotoxicity and hemorrhagic transformation of the event. Overall, the primary unmet 
medical need for the treatment of thrombotic diseases is an effective, specific therapy that reduces 
potentially life-threatening side effects. Within the wide spectrum of nanomedicine methods available, our 
attention was directed towards microbubbles. These micro-scale structures offer the advantage of remaining 
in the vascular compartement and their adaptability for ultrasound signal add the possibility of specific 
molecular imaging. 

Methods 
The synthesis of functionalized polymer MBs relies on three primary components. Isobutyl 

cyanoacrylate (IBCA) forms the structural basis of the polymeric shell. Perfluorobutane (PFB) contributes 
to the stability of MBs due to its inert properties. Fucoidan, a sulfated polysaccharide, serves as the targeting 
agent for activated endothelium and activated platelets, owing to its affinity for P-selectins. This newly 
patented acoustic cavitation process involves the copolymerization of IBCA and fucoidan at the water/PFB 
interface under ultrasound (US) insonation. The resulting targeted MBs were thoroughly characterized in 
terms of size (using laser granulometry), concentration (microscopy), surface charge (Dynamic Light 
Scattering - DLS), shell width (Focused Ion Beam), morphology (Scanning Electron Microscopy) and cell 
biocompatibility (assessed through hemolysis, MTT, LDH). The echogenic properties were validated in 
vitro and in vivo ensuring the contrast enhancer property of those newly developed MBs. Not only these 
MBs can be burst on demand with US signal, but can also be observed with US imaging in the brain 
vasculature through the skull. The targeting capabilities of the incorporated fucoidan were validated using 
a microfluidic assay involving activated human platelets. The thrombolytic drug (rtPA) was incorporated 
using an adsorption protocol based on charge interaction between the MBs and the serine protease. The 
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activity of the loaded rtPA was validated through qualitative fibrinolytic assays and quantitative amidolytic 
assays (PefaFluor® substrate quantification). Subsequently, the rtPA-loaded targeted MBs were tested in a 
stroke mice model (involving approximately 80 animals) for resolving ischemic lesions compared to the 
gold standard of systemic rtPA injection. To briefly outline the procedure, stroke was induced by injecting 
thrombin into the Middle Cerebral Artery (MCA) and monitored using laser speckle imaging. MRI scans 
were conducted on the mice 24 hours after treatment, and the resulting ischemic lesions were analyzed. 
Then, organs were harvested to trace the biodistribution of fluorescent residues from the MBs. 

Results 
In this study, we compared systemic injection of rtPA to rtPA-loaded targeted MBs at the same 

doses, here, one-tenth of the usual dose used in mice. This choice was motivated by the ultimate goal of 
limiting the side effects associated with the rtPA dose. This significant constraint did not hinder effective 
clot resolution thanks to the specific targeting of functionalized MBs. Indeed, 1 mg/kg injection of rtPA 
loaded on targeted MBs reduced the average size of the ischemic lesion by more than 50% in a group of 18 
animals compared to gold standard treatment. Drug loading helped protect the protein, and specific clot 
targeting led to treatment improvement. This result is all the more promising as treatment with free rtPA at 
the same concentration was not significantly more effective than the negative control with a saline solution. 
Furthermore, we monitored the permeability of the Blood-Brain Barrier since the bubbles are micron-sized 
by injecting Gadoteric Acid (GA) intravenously. This test showed no signs of Blood-Brain Barrier 
impairment when comparing all groups. Overall, targeted treatment with functionalized MBs was much 
more effective than the reference treatment, and no collateral bleeding or Blood-Brain Barrier leakage was 
observed. Fluorescence residues from the MBs were observed through rhodamine labeling on ex vivo organs 
and as expected, the majority of the fluorescence was observed in the liver, fulfilling its role in blood 
detoxification. Interestingly, specific fluorescence in the stroke area was observed after 24 hours. This 
supports the validation of the targeting capacity of functionalized MBs in vivo. 

Conclusions 
The process of synthesizing functionalized polymer MBs using acoustic cavitation stands out from 

hydrodynamic cavitation due to its ability to reduce the synthesis time by a factor of three. Through in vitro 
and in vivo assessments, we confirmed the goal of producing stable, biocompatible, and precisely targeted 
MBs, which proved to be an effective treatment for ischemic stroke. What's particularly encouraging is that 
the issues related to the dosage of rtPA treatment seem surmountable, as we achieved significant outcomes 
with a 90% dose reduction without any adverse effects. Furthermore, the observed persistence of ischemic 
memory unveils new possibilities for monitoring P-selectin expression using US imaging after clot-
resolution, and managing potential recurrences.  

Figure 1: Graphical abstract of the rtPA-loaded targeting MBs stroke treatment. 

The 29th European symposium on Ultrasound Contrast Imaging 
-------------------------------------------------------------------------------------- 

70



Modulating Sterile Inflammatory Response in Focused 
Ultrasound and Microbubble-Mediated Blood-Brain Barrier 

Opening: Impact of Microbubble Size and Sonication Points 

Payton Martinez1, Jane Song1, Adam Green2, Mark Borden1,3 

1Biomedical Engineering, University of Colorado – Boulder, Boulder, USA 
2Pediartic Oncology, University of Colorado – Anschutz, Aurora, USA 

3Mechanical Engineering, University of Colorado – Boulder, Boulder, USA 

Introduction 
 Microbubbles (MBs) combined with focused ultrasound (FUS) have emerged as a promising 

noninvasive technique to permeabilize the blood-brain barrier (BBB) for drug delivery to the brain [1–3]. 
However, the biological effects are not as well understood, particularly a comprehensive understanding of 
the transcriptomic environment. Kovacs et al. were one of the first to show the genomic results of BBB 
opening providing an insight that the peak of the acute inflammatory response was around 6 hours [4]. 
McMahon et al. later investigated the effects of microbubble composition where the idea of microbubble 
size may affect the SIR was brought up although the use of different microbubble shells and only one 
population having been size isolated led to the need to perform experiments isolating microbubble size [5]. 
Previously our group was able to show that the SIR was more dependent on BBB opening intensity rather 
than the mechanical index or microbubble volume dose alone [6].  

This study uses RNA sequencing to investigate the effects of varying microbubble size and number of 
sonication points on BBB opening using high-resolution ultra-high field MRI-guided FUS and the sterile 
inflammatory response (SIR).  

Methods 
In-house microbubbles were size isolated to 1, 3, and 5 µm ± 1 µm as previously described [7], and 

immunocompetent mice (n=2/3 per size) were injected via tail vein at 10 µl/kg. Right after (10-20 seconds) 
sonication was started with parameters as follows: center frequency: 1 MHz, peak negative pressure: 0.5 
MPa, pulse length: 1 ms, pulse repetition frequency: 1 Hz for 1, 4, or 9 sonication points (all within single 
pulse repetition cycle). Sonication lasted 3 minutes, and passive cavitation data was collected and analyzed 
as previously described [8]. Directly after FUS mice were imaged using T1w and T2w MRI sequences to 
determine the extent of BBBO and edema. After 6 hours mice were sacrificed, and brains were extracted. 
Using MRI guidance, brains were dissected to isolate the affected area of BBBO and the contralateral region. 
All samples were sent in for RNA sequencing and analyzed as previously described [6].  

Results 
Our size-isolated microbubbles showed three separate size distributions with little overlap between 

adjacent sizes and no overlap between 1 and 5 µm (Fig. 1). We have demonstrated that using multiple 
pulsing schemes (1, 4, and 9 sonication points) we can achieve a larger volume of opening by only mildly 
increasing the intensity of BBBO at each point (contrast enhancement, Fig. 2). Our results show at multiple 
sonication points (4) we do not see significant differences in BBBO volume or contrast enhancement at 
three different microbubble sizes (Fig.  2). 

Upon our investigation into the inflammatory response, we see a linear trend as we increase the 
sonication points from one to nine (Fig. 3A). This linear trend holds for the three hallmark pathways of the 
onset of SIR, a sustained response, and damage associated signaling (TNFa signaling, inflammatory 
response, and apoptosis, respectively) compared to BBBO volume. When comparing the difference in the 
inflammatory response from different-sized microbubbles, we see a slight trend increasing as we increase 
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microbubble size. This is most indicated in Fig. 3A where all three sizes have similar BBBO volumes 
although increasing NES scores for all three pathways.  

Conclusions 
Our study demonstrates that the inflammatory response from BBB opening is most dependent on the 

opening volume as indicated by the strong increase when increasing the number of sonication points. We 
also show that although secondary, there is a trend between microbubble size and the biological effects that 
result. As the microbubble size increases so does the inflammatory response.  

Figure 1. Size Distributions of Size Isolated Microbubbles. (A) Number percent size distributions of 1, 3, 
and 5 um microbubbles. (B) Volume percent size distributions of same microbubble populations. Data is 

shown at mean ± standard deviation. 

Figure 2. Quantification of BBB opening using T1w MRI. (A) BBBO volume of three sonication point 
schemes (left) and three microbubble sizes (right). (B) BBBO contrast enhancement of three sonication point 
schemes (left) and three microbubble sizes (right). Data is shown at mean ± standard deviation. Significance 

testing was done using a student’s t-test (n=6). * Indicates P < 0.05; **** indicates P < 0.0001. 
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Figure 3. RNA sequencing correlation to extent of BBB opening. Normalized enrichment scores of three 
major inflammatory pathways (TNFA Signalling, Inflammatory Response, and Apoptosis) compared to BBBO 

volume (A) and contrast enhancement (B). Data is represented as only means. 
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Introduction 
The localised ultrasound stimulation of systemically-administered microbubbles holds great premise for 
targeted therapeutic delivery by inducing controlled nanodamage to vascular walls. While there is clear 
clinical evidence demonstrating the effectiveness of this approach [1], the specific physical mechanism 
responsible for nanodamage is still a subject of debate. Various phenonoma have been proposed, including 
the pushing and pulling motion of the bubble interface [2], the oscillatory shear stress induced by the bubble 
oscillation [3], the steady shear stress generated by bubble’s microstreaming [4], the acoustic radiation force 
[5] and the inertial jetting [6]. In-vitro studies have revealed the perforation of the cell membrane occurs 
starting from an acoustic pressure of around 100 kPa [7]. While inertial jetting is the most energetic 
mechanism, it also requires the highest driving pressure for activation (~ 1 MPa). Consequently, jetting is 
not been considered a plausible mechanism for enhanced permeabilization at the lower pressures commonly 
used in the clinical practice. However, our study unveils, through the use of time-resolved side-view 
visualizations, that microbubbles in contact with a endothelial cell monolayer can exhibit stable and periodic 
jets directed towards the cell substrate at driving pressures as low as 100 kPa. Our experiments also provide 
evidence for the existence of three distinct jetting regimes dependent on the bubble’s size and identifies 
shape deformations as the mechanism that governs and determines the jetting regime. The remarkable speed 
of these microjets implies a substantial role in causing nanodamage to the surface. 

Methods 
A. Experimental setup 
We conducted two distinct sets of experiments. In the first set we used a PDMS (Polydimethylsiloxane, 
Young modulus E ≈ 1 MPa) substrate, which offer a greater testing convenience than a biological substrate, 
to facilitate an extended examination of microbubble jetting behavior. Subsequently, in the second set, we 
employed a endothelial cell (HUVECs) monolayer cultivated on a PC (polycarbonate) film as a substrate to 
validate the findings obtained in the previous experiment. In the first experiment, the PDMS substrate is  
suspended in a water bath filled with deionised water (T ≈ 22°C). Lipid-coated microbubbles manufactured 
in-house (< 5 μm-radius) are injected underneath the substrate and let adhere to the bottom surface by 
flotation. The microbubbles are acoustically driven at 1.5 MHz by using an ultrasound transducer (PA1612, 
Precision Acoustics) positioned in the water bath perpendicular to the horizontal plane. In the second 
experiment, the cell-cultivated plastic film is installed in a custom-built, acoustically and optically 
transparent chamber filled with a solution of PBS (phosphate-buffered saline) and microbubbles. The 
chamber is then placed within the water bath, with the membrane positioned on top to allow contact with 
microbubbles through flotation. The microbubbles are acoustically driven at 1 MHz by using a HIFU (high-
intensity focused ultrasound) transducer (PA1280, Precision Acoustics) positioned in the water bath at a 
slight angle (15°) relative to the vertical direction to avoid acoustic reflections within the test chamber. A 
needle hydrophone (0.2 mm, Precision Acoustics) is employed to measure the acoustic pressure and to align 
the acoustic focal point with the optical field of view. The bubble dynamics is recorded using a custom-built 
horizontal microscope featuring a f = 2 mm water-immersion microscope objective (CFI Plan 100XC W, 
Nikon) and a f = 400 mm tube lens (TL400-A, Thorlabs) for a total magnification of 200×. The objective is 
made waterproof and inserted into the water tank through a sealed window. An ultra-high-speed camera 
(HPV- X2, Shimadzu) is used to perform recordings at 10 million frames per second, covering a span of 
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25.6 microseconds and offering a 160 nm-pixel resolution. For backlight illumination, a continuous halogen 
illuminator (OSL2, Thorlabs) is used for live imaging, while two Xenon flash lamps used sequentially 
(MVS-7010, EG&G) are employed for video recording. Only bubbles located over 50 μm from the 
substrate’s edge are tested to avoid corner proximity effects. 
B. Microbubble synthesis  
The lipid-coated microbubbles are prepared in-house. The gas core is made of C4F10 (perfluorobutane, 
Fluoromed) and the lipid coating consists of 90 mol% DPPC (1,2- distearoyl-sn-glycero-3-phosphocholine, 
NOF EUROPE) and 10 mol% of DSPE-PEG2K (1,2-distearoyl-sn-glycero- 3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)- 2000]), Larodan). The microbubbles are produced by probe-sonicating the 
surface of the lipid solution while simultaneously flowing C4F10 gas over it. Large bubbles and lipid residuals 
are removed through centrifugation.  
C. Substrate fabrication  
The PDMS substrates are fabricated using a standard soft-lithography technique. PDMS prepolymers 
(Elastosil RT 601 A/B) are mixed in a 9:1 weight ratio, degassed in a vacuum chamber, cast into a cleaned 
silicon wafer and cured at room temperature overnight. The PDMS substrates are plasma-treated to make 
the surface hydrophilic before use.  
D. Endothelial cell culture 
Primary human umbilical vein endothelial cells (HUVECs, PromoCell GmbH) were cultured in EMG-2 
(Lonza Bioscience AG) medium supplemented with 10% Fetal Bovine Serum (FBS, GibcoTM, Thermo 
Fisher Scientific) at 37°C and 5% CO2. HUVECs were seeded on polycarbonate membranes (thickness 50 
µm, surface area 1 cm2) cut from a CLINIcell (MABIO, France) and incubated for 4 days to form confluent 
cell monolayers. The culture medium was replaced on day 3, and HUVECs used were below passage 12. 

Results 
The first experiment with a PDMS substrate reveals that the behavior of a coated microbubble in contact 
with a surface depends on the microbubble's size. Fig. 1 illustrates a qualitative classification of bubble 
behaviour as a function of the bubble size. Following an initial phase of purely spherical oscillations, large 
over-resonant bubbles naturally progress into a period-doubled (half-harmonic) shape mode induced by the 
Faraday instability mechanism (green-labelled regime in Fig. 1). As the size of the bubble decreases, the 
shape mode intensity increases, causing a pronounced folding of the bubble's tip during the oblate phase of 
the shape mode, ultimately leading to the formation of a jet directed towards the substrate. The jet occurence 
is periodic and intertwined with the cyclic nature of the shape mode. As a result, its frequency is half of the 
ultrasound frequency, i.e., it is half-harmonic (blue-labelled regime in Fig. 1). In the case of resonant 
microbubbles, the extremely intense shape deformations cause the pinching-off of a daughter bubble 
following the rapid shrinking of the bubble’s neck during the prolate phase of the shape mode. The mother 
bubble, now being under-resonant, is too small to sustain shape modes but its interface velocity during the 
compression phase is high enough to induce the formation of a jet. Since the occurrence of jetting is now 
unrelated to the shape modes but instead linked to volumetric oscillation, its frequency is the same as that 
of the acoustic driving, i.e., it is harmonic (violet-labelled regime in Fig. 1). Lastly, sub-resonant bubbles, 
owing to their small size, cannot sustain shape modes and only experience volumetric oscillations. 
Therefore, bubble manifest no splitting.  Nevertheless, the interface’s velocity is again enough to generate 
harmonic microjets during the bubble compression phases (pink-labelled regime in Fig. 1). Fig. 2 provides 
a more quantitative analysis of bubble behavior, illustrating how the various regimes depend on both bubble 
size and the applied acoustic pressure.  
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Figure 1: Classification of the behaviour of a bubble in contact with a substrate as a function of its size. 
Three different regimes of stable and repeated jetting can be identified. 

 
 

Figure 2: Bubble behaviour regime map based on bubble size and driving acoustic pressure.  
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The emergence of jetting is observed to initiate at approximately 100 kPa of acoustic pressure when bubbles 
are at their resonance size. As the pressure increases, the spectrum of bubble sizes capable of producing jets 
widens toward both smaller and larger bubbles, covering the entire range of bubble sizes typically used in 
therapy at a pressure of around 200-250 kPa. We also note that the pinching-off regime (in violet) extends 
toward larger bubbles as the increase in acoustic pressure intensifies the shape mode amplitude but not 
toward small bubbles since the shape mode occurrence is solely contingent on the bubble size. 
 
The second experiment with the endothelial cell monolayer confirms the observations reported so far. In 
Fig. 3, a slightly over-resonant bubble in contact with a cell after an initial cycle of spherical oscillation 
(first row of images) develops an intense shape mode which triggers the formation of a jet directed toward 
the cell during the compression phase of the oblate stage (second row of images). Conversely, in the prolate 
stage, the neck of the bubble contracts, causing its division (third row of images). However, the splitting is 
not permanent, and the bubble ultimately reunites and continues to manifest a shape mode and half-harmonic 
jetting in the subsequent ultrasound cycles (fourth and fifth rows of images). Hence, this bubble behaviour 
can be classified within the "half-harmonic jetting" regime. 

 
Figure 3: Image sequence of an ultrasound-driven microbubble in contact with an endothelial cell, 

featuring half-harmonic jetting. 

In Fig. 4, an under-resonant bubble sitting on top of a cell is too small to exhibit any shape mode but 
nontheless it does manifest repeated jets directed toward the cell due to the strong asymettric compression 
it undergoes at every ultrasound cycle (third, fourth and fifth rows of images) after an initial ramping-up 
period (first and second rows of images). Therefore, this bubble behaviour can be classified within the 
"harmonic jetting" regime. 
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Figure 4: Image sequence of an ultrasound-driven microbubble in contact with an endothelial cell, 

featuring harmonic jetting. 

Conclusions 
Using time-resolved side-view visualizations, we elucidate the interactions between single coated microbubbles 
and an endothelial cell monolayer when exposed to ultrasound. Our investigation reveals the stable and repeated 
occurrence of jets directed toward the cell substrate at acoustic driving pressures as low as 100 kPa for resonant 
bubbles and 200-250 kPa regardless of the bubble size. Given the damage potential of liquid jets, this finding 
suggests that the main contributing factor to enhanced cell permeabilization may be the occurrence of 
periodic jets. We also provide evidence for the existence of three distinct jetting regimes dependent on the 
bubble’s size: half-harmonic jetting for over-resonant bubbles, transition from half-harmonic to harmonic 
jetting following bubble splitting for resonant bubbles and harmonic jetting for under-resonant bubbles. 
Finally, we pinpoint shape modes as the pivotal factor that governs and dictates the jetting regime. 
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Introduction  
Despite the advent of improved vaccine technologies like mRNA therapeutics, immunisation still 

primarily targets muscle tissue using needle and syringe (N+S) delivery. [1] In contrast to the ‘immune 
desert’ that is muscle tissue, the rich immune millieu within the skin makes it a much more desirable target 
organ. However, reproducible transdermal/transcutaneous delivery remains elusive. [2,3] N+S delivery also 
remains painful, and needlephobia persists as one of the primary reasons people abstain from regular 
vaccinations. [4] Cavitation nuclei (CN) could allow for ultrasound (US)-mediated needle-free vaccination 
into the skin, however current CN are unsuitable due to their short activity-life (vaccines must be stable over 
long periods of time), non-biocompatibility, or varied response. [5,6] We thus hypothesised that a new 
biodegradable CN species could be designed to be applied topically and produce sustained inertial 
cavitation, quantified in real-time by Passive Cavitation Detection (PCD) during focused US exposure, to 
deliver a vaccine agent transcutaneously. [7] Reporter plasmid DNA (pLuc) was chosen to take advantage 
of the multiplicative effect of genetic delivery, and this allowed quantification of gene expression by 
bioluminescence and of gene delivery by qPCR. Finally, the adaptive immune response was assessed by 
measurement of antibodies raised against the expressed protein, with the aim of demonstrating the potential 
for a non-invasive vaccine delivery alternative.  

Methods 
• Protein-derived biodegradable CN were made by 

sonication with an organic volatile phase followed by 
lyophilisation, then characterised by size, zeta 
potential, concentration, and cavitation profile. 

• Focused US (FUS) was used (265kHz, 10% duty cycle, 
10Hz PRF, 1.7MPa PNP) to insonify the CN together 
with pLuc topically to anaesthetised (shaved and 
depilated) mice for 2 minutes (Fig 1).  

• Passive cavitation detection was performed using a 
single-element focused 5-MHz receiver transducer 
confocally and co-axially aligned with the FUS source, 
with signals high-pass-filtered above 1.8 MHz.  

• DNA expression was quantified by IVIS after 24 hours, 
and delivery efficacy assessed by qPCR of skin at 0 and 
24 hours post pDNA administration.  

• Antibody response to luciferase protein was assessed 
by ELISA of tail-bleeds drawn in 7-day intervals. 

Results 
Our synthesis approach was able to produce a novel solid biodegradable CN species, with a median 

hydrodynamic diameter of 154 ± 10nm per DLS measurements verified by single-particle nanoparticle 
tracking analysis (NTA). The particle concentration by NTA was found to be 3E10 ± 4E9 particles per mL 

Fig. 1:  Schematic of ultrasound setup for in vivo 
application 
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(Fig 2a). In vivo delivery quantification following cavitation-enhanced transdermal delivery showed that 
only 0.08% of the DNA administered entered the skin, compared to 92% for N+S ID injection (Fig 2b). 
However, DNA expression quantified by IVIS luminescence for the cavitation-enhanced transdermal 
delivery mice (1.5E6 ± 5E5 A.U.) was on par with N+S intradermal injection (1.7E6 ± 1.9E6). Antibody 
quantification (Fig 2c) showed that US-treated mice had significantly (p=0.02) more systemic antibodies 
after 42 days (78ng/mL ± 44ng/mL) than ID injected mice (7ng/mL ± 2ng/mL). Notably, this therapeutic 
outcome was not observed in US-only controls, indicating that the acoustic stimulation of the novel CN was 
responsible for this enhanced delivery, expression and immune response. 

Fig 2. a- Concentration vs size characterisation of unreacted protein and novel CN with spectrogram for 60s of US stimulation of 
CN inset; b- DNA copies detected by qPCR at 0hr and 24hr timepoints for ID injection and cavitation delivery, c- absolute anti-

luciferase antibody concentration in blood 42-days post treatment with boost at 21-days for ID injection and cavitation 

Conclusions 
New solid biodegradable CN were produced, characterised, and used for cavitation-enhanced 

transdermal DNA delivery with US. In spite of less DNA vector crossing the skin, the level of local gene 
expression was comparable to intradermal delivery , and a superior systemic immune response was observed 
after 42 days. Cavitation-enhanced, cavitation-monitored delivery therefore potentially provides a viable 
platform for needle-free vaccination that could require significantly lower doses of genetic vaccines to be 
produced. 
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Introduction 

 Cardiovascular disease (CVD) is the leading cause of global death. In 2019, 17.9 million people 
died from CVD, 85% of which were due to acute myocardial infarction (AMI) [1]. Post-AMI congestive 
heart failure is increasing due to microvascular obstruction (MVO). MVO is the blockage of the 
microcirculation by atherothrombotic debris and tends to occur after coronary stenting for AMI, resulting 
in hypoperfusion. Current therapeutic strategies for MVO are not consistently effective. Hence, we have 
been developing ultrasound (US)-targeted microbubble cavitation (UTMC) as a potential treatment for 
MVO. 

Methods 

 Initially, we demonstrated the efficacy of UTMC in a rat hindlimb model of MVO [2]. Given these 
promising findings, in the current work, we expanded our investigation to a clinically relevant large animal 
model. Rapacz familial hypercholesterolemic (RFH) pigs were used to carry out the experiments [3]. The 
study protocol is shown in Figure 1. On day 1, left anterior descending (LAD) microcirculation was 
embolized with a clot mixture after mid-LAD balloon occlusion (20 min), to cause a reduction in 
microvascular perfusion (assessed by myocardial contrast echocardiography, MCE) and thus to create 
MVO. The MVO in the LAD bed was then treated with UTMC therapy during concurrent infusion of 
Definity® contrast agent. The therapeutic ultrasound was delivered with a customized ultrasound imaging 
system (Philips EpiQ with S5-1 probe) with long tone bursts (1.3 MHz center frequency, 1.3 MPa peak 
negative pressure, 1 ms pulse duration). The perfusion was reassessed with MCE post UTMC. Cardiac MRI 
was obtained at 36 hours to measure infarct size and area of MVO. At 48 hours post UTMC therapy, MCE 
was repeated, the heart was stained with Evans Blue, the animals were euthanized, and the hearts were 
sectioned for tetrazolium chloride (TTC) analysis of infarct size. There were 4 MCE measurement time 
points i.e., baseline, during balloon occlusion, during MVO, and 48 hours post UTMC treatment (n=6). 
Analysis was conducted with 2D echocardiography, MCE, measurement of infarct size using MRI and 
measurement of risk area/infarct size using TTC/Evans Blue. Control animals did not receive UTMC (MVO, 
no treatment) (n=5). 

   
 

 

 

 

 

 

 

 

Figure 1. Schematic showing key time points of the study and pictorial representation of experimental setup. 

The 29th European symposium on Ultrasound Contrast Imaging 
-------------------------------------------------------------------------------------- 

81



Results 
       LAD angiographic flow was improved at 48 hours post UTMC treatment in comparison to control. 

2D echographic imaging revealed that the UTMC treatment significantly improved LV systolic 
performance, measured by fractional left ventricular area change, as compared to control. Also, compared 
to control, UTMC was found to significantly enhance LAD blood volume 48 hours post treatment (Figure 
2). MRI clips showed that UTMC ameliorated MVO. MRI derived left ventricular (LV) segmental wall 
motion and ejection fraction (EF) also improved after UTMC treatment versus control. Infarct size was 
reduced as shown by both Evans Blue/TTC staining and MRI.   

Conclusions 
       This is the first study to demonstrate the efficacy of UTMC for the treatment of isolated myocardial 

MVO in a clinically relevant large animal model. This was determined through a comprehensive analysis 
comprising cineangiography, 2D echocardiography, MCE, MRI, and Evans Blue/TTC staining. Taken 
together, we demonstrated that UTMC significantly reduced infarct size, enhanced LAD microvascular 
perfusion and improved LV systolic performance, and should enable clinical translation of this promising 
therapy. 
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Figure 2. MCE images showing the LAD bed (outlined in red) and video intensity curves of baseline, MVO and 48h 
post treatment at different time points. The graph on the right shows LAD bed microvascular blood volume.   
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Introduction 
The delivery of drugs to diseased tissue can be enhanced by increasing the vascular permeability using 

ultrasound (US) activated microbubbles (MBs). Understanding the mechanism behind this treatment is 
crucial for safe and efficient use in the clinic. Treating endothelial cells with ocsillating MBs can induce 
sonoporation, subsequently followed by opening of cell-cell contacts [1,2], and tunnel formation [3] through 
the cell. Although MB behaviour could predict sonoporation in these studies [1-3], it could not explain the 
other cellular responses. This suggests a cellular component may be involved in this process. A possible 
component could be the filamentous (F)-actin cytoskeleton, and specifically stress fibers, since these are 
directly linked to cell adhesion proteins as well as involved in the creation thereof [4]. Besides, the F-actin 
network is involved in transcellular tunnel formation [5]. Recently, a US and MB study showed that the F-
actin network can be disrupted and was involved in the subsequent recovery of the cell membrane upon 
sonoporation [6]. However, the role of F-actin during MB-mediated cell-cell contact opening and tunnel 
formation has not been reported and was the aim of our study. 

Methods 
The F-actin network of human umbilical vein endothelial cells was genetically labelled using a lentiviral 

Lifeact-GFP construct after which the cells were grown to full confluency in a CLINIcell (50 µm membrane, 
Mabio). Homemade DSPC-based MBs stained with Biotracker Blue dye were added. Cells were incubated 
with Propidium Iodide and Cell Mask Deep Red dye to visualize sonoporation, cell membranes, and cellular 
junctions. Cells were incubated without or with Y-27632 (10 µM final concentration) for 1 h before imaging 
to diminish F-actin stress fibers [7]. The sample was placed in a 37° C waterbath which was part of a custom 
build imaging setup consisting of a Nikon A1R+ confocal microscope, to record cellular behaviour, coupled 
with a Shimadzu HPV-X2 ultra-high-speed camera (10 Mfps), to record microbubble behaviour. The 
cellular response and microbubble behaviour were simultaneously imaged during a 4-min timelapse in 
which US (2 MHz, 10 cycles, 350 kPa PNP) was applied at t=0. Additionally, a 3D z-stack confocal 
microscopy image was made before and after the timelapse. MB radius (R) over time and excursion 
amplitude (Rmax-R0) were analyzed. The distance between the MB and the stress fibers in the cell of interest 
was analysed using the intersection of a stress fiber with a spherical coordinate system centered at the MB. 
Significance was assessed using Welch's t-test in SPSS. 

Results 
The cellular response of cells to a US and a single MB treatment without Y-27632 was investigated in 

31 cells. Fig 1A shows a typical example of a cell upon treatment where disruption of the F-actin network 
and severing of stress fibers was observed at the location of the MB. This was followed by the recoil of the 
severed fibers, opening of cell-cell junctions, and retraction of the cell within 15 s after treatment. The recoil 
of the stress fibers always occurred along the longitudinal direction of the fibers. In other cells, the 
ultrasound-activated MB induced F-actin disruption only or disruption and recovery. F-actin remodeling 
was only observed upon sonoporation. (Fig. 1B). Opening of cell-cell contacts within 15 s after sonoporation 
was mainly observed in cells with recoiling stress fibers (occurrence of 54%). With non-resealing membrane 
pores, F-actin remained disrupted whereas all resealing pores showed F-actin disruption and recovery. For 
non-sonoporated cells, the MB excursion was significantly lower compared to all disrupted F-actin 
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conditions. No significant differences in MB excursion were observed between the F-actin remodeling 
types. The severed stress fibers were at a mean distance of 2.1 µm (IQR = 1.6) from the MB center, which 
was significantly lower than 5.7 µm (IQR = 6.3) for non-severed stress fibers. When cells were incubated 
with Y-27632, the F-actin stress fibers decreased as shown in Fig. 1C. In 17 cells incubated with Y-27632, 
disruption only (Fig. 1 C) and disruption and recovery were observed upon MB oscillation. However, no F-
actin stress fiber severing and recoil and opening of cell-cell contacts were observed (Fig. 1D). 

Conclusions 
To the best of our knowledge, this is the first study showing that cell-cell contact opening within 15 s 

upon sonoporation is a result of F-actin stress fiber severing. In addition, F-actin remodeling was only 
observed upon sonoporation. Although the MB excursion could not predict the type of F-actin remodeling 
upon sonoporation, the location of the MB in relation to the stress fibers was a significant factor. In the 
absence of stress fibers, cell-cell contact opening was abolished, which further emphasizes the importance 
of F-actin stress fibers in the process of cell-cell contact opening. These new insights can be used to predict 
where cell-cell opening will occur, thereby aiding in improving the controllability of microbubble-mediated 
drug delivery. 

 

Acknowledgements 
This work was supported by the Applied and Engineering Sciences (TTW) (Vidi-project 17543), part 

of NWO. The authors thank Esther van der Kamp from the Department of Experimental Cardiology, 
Thoraxcenter, Erasmus MC, for her technical assistance. 

Figure 1: F-actin remodelling upon ultrasound and single MB treatment. A) Example of cellular response (fluorescent images) 
and MB behaviour at t=0 (radius-time curve) showing F-actin disruption and stress fiber (one example at yellow arrow) severing at 
the MB location (yellow dotted circle) upon sonoporation. This severing induced the recoil of stress fibres resulting in cell-cell 
contact opening within 15 sec after US treatment. B) Quantification of the MB excursion, F-actin changes, and cellular effects (point 
colours). C) Example of cellular response (fluorescent images) and MB behaviour at t=0 (radius-time curve) showing F-actin 
disruption only in absence of stress fibres in Y- 27632 treated cells. D) Quantification of the MB excursion, F-actin changes, and 
cellular effects (point colours) in Y- 27632 treated cells. Significance is shown with ***= p< 0.001, ****= p< 0.0001. Bar graphs 
show the median, interquartile range, and 5-95% interval with whiskers. The dotted lines in B and D show the 0.9 µm sonoporation 
threshold [3]. Arrows in B and D indicate the examples shown in A and C. 
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Introduction  
       Central nervous system (CNS) inflammation is a prominent trait seen in neurodegenerative diseases, 
including common conditions such as Alzheimer’s disease. Microbubbles (MBs) find extensive utility in 
the medical field beyond their imaging capabilities. They can be functionalized by attaching ligands to their 
surfaces, facilitating binding to specific target molecules (Kooiman, 2014). Previously, we introduced 
polymer-coated MBs with fucoidan functionalization that are sensitive to inflammation (Li et al., 2019), 
resulting in the demonstration of effective and targeted stroke treatment (Fournier et al., 2023). These 
functionalized MBs were shown to be ultrasound sensitive and compatible with 3D Ultrasound Localization 
Microscopy (ULM) through intact mouse brain with a multiplexed 32x32 matrix probe (Chavignon et al., 
2021). 
Ultrasound molecular imaging remains challenging as the signal from the adhered MBs can be mixed with 
the one of the tissues with the current spatiotemporal filters. In this work, we developed a 3D ultrafast 
amplitude modulation ultrasound sequence that would enable volumetric ultrasound imaging of stationary 
targeted microbubbles.  

Methods 
Polymer MBs functionalized with fucoidan are produced through an acoustic cavitation protocol that 

relies on three primary components. Isobutyl cyanoacrylate (IBCA) forms the structural basis of the 
polymeric shell. Perfluorobutane (PFB) contributes to the stability of fucoMB due to its inert properties. 
Fucoidan, a sulfated polysaccharide, serves as the targeting agent for activated endothelium and activated 
platelets, owing to its affinity for P-selectins. The targeting capabilities of the incorporated fucoMBs were 
validated in-vitro using a microfluidic assay involving activated human platelets and in-vivo on a mouse 
stroke model (Fournier et al., 2023). 

Ultrasound acquisitions were then performed with a 256-channels research ultrasound scanner 
(verasonics, Kirkland, USA) and an 5.6 MHz multiplexed 32x32 matrix probe (Vermon, France). The 3D 
ultrafast amplitude modulation sequence is a modified version of the classical multiplexed sequence. It is 
characterized by modulated amplitudes: two bursts with half amplitude, achieved by muting the odd and 
even elements of the transducer, and one burst with full amplitude. Following reception, we apply a 
subtraction operation to eliminate the linear signal while capturing distinct nonlinear responses of the 
fucoMB (Averkou et al., 2020). 

In-vitro validation on stationnary fucoMB were studied through a home-made setup. The US phantom 
employed was a tissue mimicking Doppler flow phantom (ATS Laboratories, CIRS) with a wall-less channel 
of 2 mm in diameter at 10 mm depth. Flow rate was modulated using butterfly valves to stop the flow. 

Results 
The fucoMBs were ultrasound senstive and their signal was even captured through the skull of a healthy 

mice in-vivo (Fig1a). With multiple bolus injection of 50 µL/min for a total of 8 minutes, 3D ULM was 
construced revealing the microvsculature of the mouse brain. 
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In-vitro, the non-linear signal of the fucoMBs is enhanced with a CTR up to 10 dB Fig1c-d compared 
to almost no signal in the Bmode image (Fig1b). Beyond certain driving amplitude (8V in this case), the 
targeted MBs undergo disruption (Fig1e before burst and f after burst) with the intensity peaking at 32 dB 
before dropping back to the noise level (Fig1g). 

 

Conclusions 
The singular value decomposition (SVD) is so far the most used clutter filter in ULM. Unfortunately, it 

cannot distinguish slow-moving or stationnary MBs from tissues, thus it hinders the ultrasound molecular 
imaging since the adhered microbubble will be removed.   

Here, we developped a 3D non-linear pulsing schemes that enables imaging slow-moving and 
stationnary MBs as well as an on-demand burst of the adhered MBs. 

We showed that fucoidan polymer microbubbles that can target P-selectin are ultrasound sensitive 
through intract mouse brain and permit 3D ULM. The final goal is to perform transcranial molecular ULM 
(mULM) of neuro-inflammation. 
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Figure 1 a) 3D in-vivo transcranial ULM on healthy mouse brain with Fucoidan polymer MBs. 3D in-vitro tissue 
mimicking phantom b) Bmode c) Amplitude modulation (AM) signal of stationary MBs e) AM signal before burst and f) 
after burst, g) Intensity of the burst AM signal during one acquisition bloc and d) Contrast-to-tissue ratio (CTR) for AM 
signal of stationary MBs Vs singular value decomposition (SVD) in function of different driving voltages. 
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Introduction 
Endograft limb thrombosis (LT) is a clinical relevant complication following endovascular aneurysm 

repair (EVAR) [1, 2]. Patients suffering from LT may be asymptomatic, but do often develop symptoms 
such as intermittent claudication or acute limb threatening ischemia, impacting the quality of life and 
therefore LT regularly requires a reintervention [3]. The Anaconda endograft (Terumo Aortic, Inchinnan, 
Scotland, UK) has been reported to have a high limb occlusion rate [1]. Its independent ring design makes 
it kink-resistant and flexible; however, this may also cause cribs and valley’s to form that may induce 
unfavorable local flow patterns (e.g., fluid stasis and recirculation zones), eventually causing thrombus 
formation and LT [4].  

Methods 
An in-vitro flow setup consisting of a thin-walled patient-specific AAA flow phantom was fabricated. 

This phantom was designed using the latest post-operative computed tomography angiography scan of the 
patient before an occlusion occurred in the left graft limb. Contrast-enhanced ultrasound particle image 
velocimetry (echoPIV) was performed to quantify time-resolved velocity fields of both iliac arteries. 
Measurements were performed in the same phantom with and without the Anaconda endograft, to 
investigate the impact of the endograft on the local flow fields. Representing hemodynamic parameters 
vector complexity (VC) and residence time (RT) were calculated for both iliac arteries. 

Results 
In both limbs, the vector fields were mostly unidirectional during systolic and end-systolic velocity 

phases before and after endograft placement (Fig. 1 and Fig. 2, respectively). Local vortical structures and 
complex flow fields were observed at the diastolic and transitional flow phases. The average VC was higher 
(0.11) in the phantom with endograft, compared to the phantom without endograft (0.05). Notably, in both 
left and right iliac arteries, the anterior wall regions corresponded to a two- and four-fold increase in VC in 
the phantom with endograft, respectively. A higher RT (up to 25 s) was observed in the phantom with 
endograft, in which the left iliac artery, with LT in follow-up, showed two fluid stasis regions. 

Conclusions 
This in-vitro study shows that unfavorable hemodynamics are present in the limb that presented with 

LT, compared to the non-thrombosed side, with higher VC and longer RT. These parameters might thus be 
valuable in predicting the occurrence of LT. Future studies with larger sample sizes must be done to further 
evaluate these hemodynamic norms.   
 

The 29th European symposium on Ultrasound Contrast Imaging 
-------------------------------------------------------------------------------------- 

88



Figure 1. (left) Flow fields in the left iliac artery at PSV (a) and ESV (c) time points before endograft 
placement. (Right) Flow fields in the right iliac artery at PSV (b) and ESV (d) time points before endograft 

placement. Velocity vector magnitudes are depicted by the colorbar; while vector lengths are kept equal for 
better visualization of flow direction. PSV: peak systolic velocity; ESV: end systolic velocity 

 
Figure 2. (left) Flow fields in the left iliac artery at PSV (a) and ESV (c) time points after endograft 

placement. (Right) Flow fields in the right iliac artery at PSV (b) and ESV (d) time points after endograft 
placement. Velocity vector magnitudes are depicted by the colorbar; while vector lengths are kept equal for 

better visualization of the flow direction. PSV: peak systolic velocity; ESV: end systolic velocity 
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Introduction 
Superharmonic contrast imaging (SpHI) takes advantage of higher order nonlinear components in the 

broadband microbubble (MB) response, including the superharmonics, which boosts the contrast-to-tissue 
ratio with almost complete suppression of tissue clutter. This technique utilizes dual-frequency (DF) probes 
that transmit low-frequency pulses to initiate MBs’ nonlinear behaviour and receive the higher order signals 
(up to >10th harmonic) backscattered from MBs. Thus, SpHI allows visualization of the vasculature 
containing MBs while inherently removing signals from the surrounding tissue. Our previous SpHI 
demonstrations used an array-based DF transducer (2 and 20 MHz) and a commercially available 
polydisperse MB agent [1], [2]. In this work, we investigate in vitro the contrast signal intensity and 
longevity with in-house polydisperse MBs and size-selected MBs of ~1.5, 2.2, and 4.3 µm in diameter, 
comparing to commonly used MicroMarker MB solutions. 

Methods 
Two VevoF2 systems (FUJIFILM Visualsonics, Toronto, Canada) were used to drive the 2 and 20 MHz 

transducer arrays. Synchronization in the VADA programming mode enabled transmit (Tx) at 2 MHz and 
receive (Rx) at 20 MHz on separate systems. Conventional line-by-line imaging with a walking aperture 
and a single cycle pulse was used to generate acoustic beams with an effective focal depth of ~9 mm. In 
vitro imaging was performed on a contrast-filled channel (1.27 mm diam.) which was embedded in a tissue-
mimicking matrix. The channel was aligned vertically and positioned to image the transverse cross section 
within the focal region of the probe. MB solutions were fed into the channel by a syringe and the flow was 
stopped prior to imaging.  

The in-house polydisperse MBs (volume-weighted median diameter: 1.5 µm) were produced as decribed 
in [3], and centrifugation was performed to produce size-selected MBs [4] with volume-weighted median 
diameters of 1.5, 2.2, and 4.3 µm. Gas volume matching to MicroMarker (median diameter: 2.3 µm) was 
performed, and solutions corresponding to 2×106 and 5×105 MBs/mL were made for each of the five MB 
size distributions (MicroMarker; in-house polydisperse, three size-selected MBs).  

Fifty SpHI frames were acquired at 63 frames per second at Tx powers from 10% to 100% (10% step; 
corresponding pressures in water were measured with a calibrated hydrophone). Mean SpHI intensities 
within the channel region-of interest (ROI) were normalized to the mean background signal intensity found 
within the channel when filled with PBS, followed by logarithmic compresison.  

Results 
As shown in Figure 1a, backscattered signals from the tissue-mimicking matrix was suppressed to the 

noise level at three representative Tx powers. The contrast-filled channel becomes visually brighter as the 
Tx power increases from 10% to 50%. Quantitative analyses showed a rise in mean contrast intensity for all 
five MB distributions for Tx powers increasing from around 20% to 70% before reaching a plateau near 
80% Tx power (Figure 1b). Above 80% Tx power (489 kPa), RF signal saturation was observed, except for 
the 4.3 µm MBs, which had lower mean contrast intensities than the other distributions. Overall, the in-
house polydisperse MBs and the 2.2 µm MBs showed comparable trends in mean contrast intensity to the 
MicroMarker MBs. Mean contrast signal decay (Figure 1c) was observed at intermediate and high Tx 
powers (>40%) for all MB distributions. Greatest signal decay was found for the highest Tx power, as 
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expected. At 70% Tx power (440 kPa), the polydisperse MBs (MicroMarker and in-house) as well as the 
2.2 µm MBs showed slower decay relative to the other two size-selected MBs (Figure 1d). 

Conclusions 
Both the polydisperse and size-selected MBs showed good contrast intensity at high acoustic pressures 
(MI > 0.3) for the 2/20 MHz frequency pair used for transmit and receive. The large (4.3 µm) MBs may 
not be preferrable for use with this frequency combination for superharmonic imaging, as reflected by the 
consistently lower contrast intensity observed at relevant pressure ranges (MI: 0.19-0.42). The commercial 
and in-house polydisperse MBs as well as the 2.2 µm MBs offer superiority in signal longevity over the 
other size-selected MBs, making them a potentially more suitable option for superharmonic imaging.  

Figure 1. (a) First frame of the SpHI data set at three representative Tx powers of 10%, 50% and 90% 
when the channel was filled with MicroMarker MBs at 5×105 MBs/mL. (b) Mean contrast intensity on the 
first SpHI frame at increasing Tx powers for all MB distributions at the cocnentration of 5×105 MBs/mL for 
MicroMarker. Data points with significant saturation at 100% Tx power were removed. (c) Mean contrast 
intensity for 50 frames at 326 – 612 kPa when the channel was filled with MicroMarker MBs at 5×105 
MBs/mL; difference between the first and last frames for 50%, 70% and 100% Tx power are labelled. (d) 
Mean contrast intensity for 50 frames at 440 kPa (70% Tx power) for all five MB distributions. 
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Introduction 
Contrast-enhanced ultrasound imaging is clinically well adopted for diagnosing cardiovascular diseases. 

Typically, clinical workflows use Doppler techniques to image blood flow as blood flow is intrinsically 
linked to the pathology of cardiovascular diseases. More recently, vector flow imaging techniques based on 
speckle tracking have gained scientific attention due to their improved ability to image flows in terms of 
resolution, speed and accuracy [1,2]. However, the underlying conventional beamforming algorithms of 
both the Doppler and vector flow imaging techniques are diffraction-limited and therefore their resolution 
is limited to the wavelength of the pulses. To overcome this limitation, ultrasound localization microscopy 
(ULM) has been introduced, which is based on localizing and tracking non-overlapping point spread 
functions [3]. Moreover, recent studies have been successful in localizing microbubbles using deep learning 
algorithms which perform the beamforming step after deconvolving the RF signals, thereby not relying on 
point spread function separation and free from beamforming inaccuracies [4]. As these approaches rely on 
deconvolved signals, it breaks with the paradigm that links pulse length and imaging resolution. The 
following question now arises: are there waveforms that, despite their increased time duration, yield a higher 
resolution than a short imaging pulse, due to their distinctive temporal features or the enhanced nonlinear 
features of the microbubbles response are more effectively detected and deconvolved by a convolutional 
neural network (CNN)?  

Methods 
This study comprises two main steps: i) raw element RF data is acquired using a fast simulator for 

different waveforms and ii) a CNN is trained for each waveform to estimate the location of single 
microbubbles relative to each transducer element using the single-element RF signals. 

The synthetic RF data will be formed by propagating a plane wave in a homogeneous medium where 
monodisperse bubbles (10 to 1000 bubbles) are randomly seeded. The waveforms vary in terms of pulse 
length, temporal frequency spread (both continuous frequency as well as frequency sweep) and delay- or 
polarity encoded number of repetitions. Figures 1a-c) show schematics of the different waveforms. The 
single-frequency pulses will have different center frequencies (1.7 MHz, 2.5 MHz and 3.4 MHz) to evoke 
different microbubble responses. Additionaly, each of these pulses will be investigated with a short (2.9 µs) 
and a long (4.7 µs) variant. Both up- and downsweep chirps will be investigated (with a frequency range of 
1.2 MHz – 4.0 MHz) of which each have a short (6.1 µs) and a long variant (16.1 µs). The delay- or polarity-
encoded pulse trains consist of four repetitions of a single-frequency pulse (2.5 MHz, short and long). 
Acoustic pressure amplitude of each simulation is randomly chosen between 5 and 250 kPa. For each 
waveform, a CNN is trained with 5000 simulated RF-channels to localize the microbubbles. To optimize 
the network’s performance, a dilated convolutional architecture and a dual-loss function are used as 
described in [4]. Finally, the microbubble localization performance of all CNNs will be compared to assess 
which waveform type has the greatest super-resolution potential. 
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Results 
At the time of writing this abstract, the training of the neural networks has not yet been completed. 

However, we can already present the effect of the different waveform types on the received RF signals from 
the microbubble cloud and we can demonstrate the super-resolution performance of a trained neural network 
for a short imaging pulse [4]. Figures 1d-f) show the frequency spectra of the waveforms described in Figure 
1a-c) and the frequency spectra of its respective received RF signal. The difference between the frequency 
spectrum of the waveform and the received RF signal can be attributed to the nonlinear propagation, the 
nonlinear response of the microbubbles and the random fluctuations in microbubble density, making it 
difficult to interpret the data.  

Figure 2 shows the superior resolution of the proposed strategy compared with a conventional 
beamforming algorithm for a single short imaging pulse at a transmit pressure of 205 kPa. Previously, a 
neural network with a the same architerture as ours was able to detect microbubbles with an order-of-

Figure 1: Examples of investigated waveform types, their frequency content, and the frequency content 
of the received RF signal. Figure 1a), b) and c) are schematic representations of the waveforms investigated 
in this study. a) Continuous frequency pulse of 2.5 MHz (2.9 µs), b) upsweeping chirp from 1.2 – 4.0 MHz (6.1 
µs), c) delay-encoded pulse train (13.6 µs) of four times the reference, single-frequency pulse with delays 
encoded of respectively 0.5, 1.0 and 1.5 microseconds. The delays used are for conceptualization only and do 
not correspond to the actual delays used for the simulations. Figure 1d), e) and f) show the frequency content 
of the waveforms (respectively a), b) and c)) and the received RF signal after plane wave emission. The 
microbubble cloud contained 307 microbubbles and the transmitted pressure was 214 kPa. 
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magnitude gain in resolution [4]. As the use of waveforms with a different duration, frequency or time-
frequency fingerprint can alter both the frequency as well as the phase response of the microbubbles, we 
expect to be able to enhance the localization accuracy of the in [4] developed CNN. 

Conclusions 
The proposed study will aid understanding in the use of ultrasound waveform characteristics for 

enhancing performance of deep-learning-accelerated direct deconvolution in super-resolution CNNs. The 
results of this study, which are expected in the near future, will guide future studies towards optimizing 
waveforms for resolution in deep-learning based approaches.  
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Figure 2: Demonstration of deep learning-based super-resolution [4]. This figure shows a subregion of 
ultrasound images obtained using a) direct beamforming and envelope detection of element RF signals and b) 
beamforming of devonvolved element RF signals with a single short imaging pulse (2.0 µs). The transmit 
pressure was 205 kPa. The scalebars represent the wavelength λ (0.87 µm). 
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Introduction 
Microbubbles are used in ultrasound imaging to provide contrast for better diagnostic capacity. 

Microvascular phantom is a useful tool for the optimisation of image processing algorithms and has been 
used across the field. Hydrogel-based “wall-less” phantom is desirable compared to widely-used silicone 
tubes given that the density of hydrogel is typically close to that of water. While hydrogel has an excellent 
acoustic property matching with water and tunable mechanical stiffness, their diameters are often limited to 
> 100 µm making it unsuitable for rapid prototyping. Also, leakage is a non-trivial problem when the 
diameter gets capillary-scale since hydrodynamic resistance increases with the inverse of the fourth power. 

 To overcome these problems, we invented a method to manufacture a leakage-free microfluidic 
phantom with a capillary scale down to 6.2 µm in diameter through wire-templating. We then developed 
multi-stage fractally branching microchannels with our invented dipper rig for generating a bifurcating wire 
template. This method is suitable for rapid prototyping and studying ultrasound imaging. 

Methods 
Our phatoms were fabricated by wire-templating involving three phases; 1) surface-treatment of guide 

glass capillaries 2) template wire coating, and 3) assembly and channel formation as previously described 
[1] (Figure 1). For the bifurcating wire template, we developed a dipper rig (Figure 2a) to selectively dip-
coat multiple wires with polyurethane. The dipped wires were bundled by surface tension of polyurethane 
while slowly extracted from the reservoir generating bifurcating wire bundles after multiple dip sequences 
(Figure 2b) [1]. They were then loaded on the custom-made alignment rig (Figure 2c). 

Super-resolution imaging of the phantom was attempted with the single channel of 100 µm and 
bifurcating channels of the mother channel of 130 µm and the daughter channels of 70 µm diameters were 
made in polyacrylamide hydrogel (3.24 kPa and 8.73 kPa in Young’s moduli respectively) as described 
above. The phantom was placed on a sheet of acoustic absorber (AptFlex F28, Precision Acoustics, UK) 
and below 32x32 matrix array imaging probe (Mat 8.0/1024 2068, Vermon, France) (Figure 4a). Verasonics 
256 system (Vantage 128, Verasonics, USA) was used to drive and receive with the 32x32 matrix probe. 
Ultrasound super-resolution images were constructed as previously described [2]. 

Results 
Our manufacturing phantom accommodated flow at 6.1 µm diameter (Figure 1a-c). Bifurcated phantom 

was shown to accommodate flow with round cross-section where diameters of respective parental, daughter 
and granddaughter microchannels were measured as 99.1 ± 4, 58.9 ± 11/59.0 ± 2 and 
29.6 ± 2/32.0 ± 0.8/34.5 ± 4/32.2 ± 1.4 µm (Figure 3d,e). Optical (Figure 4c top) and ultrasound super-
resolution images (Figure 4b,c middle and bottom) were successfully acquired with our phantom. 

Conclusions 

Our microvascular model has shown compatibility with in vitro studies of ultrasound imaging. Both single 
and bifurcating channels were manufactured in a simple and inexpensive manner. Detailed manufacturing 
methods can be found in the recent publication by S, Kawara et al, 2023, Small [1] 
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Figure 1. Wire templating technology. A guide glass capillary was bonded to a hydrogel, providing a 
strong interface at the inlet and outlet. The wire template was coated to make it hydrophobic. After the 
hydrogel forms, pulling the wire out left a smooth, non-leaking microchannel down to 6.2 µm in diameter. 

 
Figure 2. Bifurcating microchannel technology. (a) Dipper rig for dip coating, (b) 1-2-4 bifurcating 
template wire, and (c) wire-loaded alignment rig. 

Figure 3. Microchannel structure. (a) Micrograph of gel-glass interface during pressure-ramp, (b) channel 
formed with and without parylene-c coating, (c) 6.1µm-diameter single channel, (d) bifurcations, and (e) 
cross-sections of channels. 
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Figure 4. Super-resolution imaging of microchannels. (a) experimental setup, and (b) single (density map 
in decibels), and (c) bifurcating channels; micrograph (top), density map in decibels (middle) and flow speed 
map in mm/s (bottom). 
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Introduction 
Immune checkpoint inhibitor (ICI) therapy has revolutionized cancer treatment by unleashing powerful 

immune responses that result in significant and lasting clinical improvements. Nonetheless, ICIs are only 
effective in 20-50% of cancer patients; it would be ideal to have tools to help select which patients will 
respond to ICTs. Hisptopathological assessment of tissue expression of PD-L1 can potentially provide this, 
but are highly invasive. Contrast-enhanced and molecular ultrasound imaging techniques offer robust means 
to analyze tumor vasculature and characterize EC surface markers, potentially delivering decision-support 
information to guide clinicians managing patients receiving ICTs. In this study, we investigate whether 
quantitative parameters from 2D and 3D molecular and 2D contrast-enhanced ultrasound (CEUS) can help 
predict ICT treatment response in the pre-clinical setting. 

Method 
A total of n = 25 mice (nine-week-old ) had CT26 colon cancer cell implantation on their upper hindlimb. 

Tumors were allowed to grow to ∼6 mm/diameter, measured by manual caliper every 2 days. Mice were 
separated into two groups of treated and non-treated with PD-L1 antibody. Three doses of 10mg/kg ICI 
therapy were given to the treated group (n=20 mice) on days 8, 11, and 14 after tumors reached ∼6 mm 
diameter. Tumor volume measurements collected on day 8th ,11th ,14th ,17th  and 21st post implantation were 
used to determine the tumor growth rate as a surrogate of treatment response.  

For the imaging procedures, mice were anesthetized with 1-3% isoflurane. Microbubbles were injected 
by placing a catheter in the tail vein. The mice were injected with anti-PD-L1 targeted microbubbles 
(TMBs). Ultrasound imaging was performed with a preclinical Vevo2100 system (Visualsonics, Toronto, 
Canada),  with M250 transducer. Microbubbles were prepared based on the manufacturer protocol using 
target-ready TBS MBs. A destructive pulse was applied after the acquisition of perfusion signals and tumors 
were imaged dynamically during contrast wash-in and wash-out.  

Prior to the treatment, on day 8 of the tumor growth, perfusion parameters of peak-enhancement (PE) 
and area-under-the-curve (AUC), which correlate to blood volume, and wash-in-rate (WiR), time-to-peak 
(TP) which correlate to blood flow from the time intensity curves (TIC) of the 2D contrast-enhanced 
ultrasound (CEUS) images as well as the differential targeted enhancement (dTE) from 2D molecular 
ultrasound images were acquired. Also, mean volumetric dTE was calculated based on the subtraction of 
the intensity of the tumor volume before injection and before destruction of the TMBs. Tumor volume was 
generated through interpolation of selected 10 regions of interest on the 2D planes. 
Result 

Variations in the tumor growth rate were observed within the treated group, likely attributed to the 
immunocompetent nature of the mice under investigation. Treated animals were stratified into responders 
(n=18) and non-responders (n=2) based on normalized tumor volumes on day 10 to their respective volume 
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on day 1 (i.e., the implantation day) and k-means clustering algorithm; the non-responder group had a tumor 
growth delay of 4 days, similar to the control group (7.5 days).   

A one-way ANOVA test was conducted on the dTE of targeted microbubbles, calculated based on 2D 
and 3D images, between the none responsive and the very responsive groups yielded a test statistic of 12.1 
and 24.1, indicating a significant difference between the two groups with a p-value of 0.005 and 0.0006, 
respectively. This suggests that dTE from both 2D and 3D molecular ultrasound images are descriptive of 
the tumor response, but that the 3D-derived dTE may enhance descrimination beteween different groups.  

On the other hand, the CEUS AUC and PE parameter between the responder and non-responder groups 
exhibited a considerable disparity, with the value of 23.5 and 3.8 with p-values of 0.000.8 and 0.05 
respectively. This indicate these 4 parameters can distinguish the two group and that all there parameters 
are good predictors for treatment response. However, Pearson correlation results shows relatively high 
correlation between the PE and AUC with coefficient of 0.74, meaning that the one of these features is 
highly descriptive of the other and only one of them is enough to be used as a predictive feature from 2D 
CEUS. We also applied descision tree rule based model and results indicates that with lower values of 3D 
dTE, lower AUC determines non-responder groups and higher AUC determines responders group, while 
with higher values of dTE, PE is the descriminative feature. 
Conclusion 

Our preliminary results suggest the effectiveness of combined CEUS and molecular US to assess  tumor 
treatment response to PD-L1 immunosuppressive therapy prior to the administration of the treatment. The 
results indicates that AUC of the time TIC from 2D CEUS images which shows the intra-tumor blood 
volume as well as the dTE from 2D and 3D molecular US shows significant differences between the 
responsive and non-responsive group and can be further investigated to study the immunotherapy treatment 
response. 

Figure 1. A. Represents the average tumor growth in different groups of mice. B. Shows the difference 
between the averaged values of PE, AUC, 2D dTE and 3D dTE between the two groups of responders and 
non-responders. 
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Introduction 
The most widely-used microbubble (MB) agents consist of a gas core stabilized with a phospholipid 

shell, and have been successfully used for both imaging and therapy [1, 2, 3]. Multiple methods for 
production of MBs have been developed. Sonication or mechanical agitation are the most commonly used; 
although novel techniques such as microfluidics have also been successfully utilized for MB production [4, 
5, 6, 7]. Each method has its advantages and disadvantages. A key advantage of mechanical agitation is the 
ease with which it can be used in the clinic for in situ production of MBs in pre-prepared sterile vials. 
However, currently available agitators can only process small volumes and are prone to breakage. To 
address these challenges, we investigated whether a more robust agitation protocol could be developed using 
a well established bench-top instrument available in most research and clinical laboratories for tissue sample 
preparation. Furthermore, we compared this method to established protocols for MB production, namely 
sonication and agitation with commercial agitator. 

Methods 

Lipid suspension production 

Suspensions of DPPC (6 mg/mL), DPPA (10 mg/mL), DPPE-PEG5k (15 mg/mL) were prepared by 
dissolving the lipids in propylene glycol at 55 °C for 20 min. The stock suspensions (2.67 mL of DPPC, 
0.18 mL of DPPA and 0.81 mL of DPPE-PEG5k) were mixed in an 8 mL glass vial and added dropwise to 
20 mL of an 80:10:10 water/propylene glycol/glycerol mixture under vigorous stirring at 55 °C. Then, 1 mL 
of lipid suspension was transferred to a 2 mL freeze drying vial, capped with a rubber stopper, and crimped 
with aluminum cap for further use in agitation protocols. 

Microbubble production, sizing, and stability studies 

Headspace gas exchange was performed in vials containing lipid suspension prior to agitation. While kept 
on ice, perfluorobutane was introduced into the vials through a needle. MBs were produced by the following 
procedures: 

- Tissue homogenizer agitation protocol: Following headspace gas exchange, the lipid suspension 
was placed in a tissue homogenizer (Precellys Evolution). Vials were inserted in custom-made inserts and 
agitated on 10.000 rpm for 45 seconds, unless otherwise stated.  

- Clinical agitation protocol: Following headspace gas exchange, the lipid suspension was agitated in 
an amalgam capsule mixing machine (3M ESPE Capmix). Vials were placed in the machine and agitated at 
4500 rpm for 39 seconds.  

- Sonication protocol: 5 mL of lipid suspension was transferred to a 7 mL glass vial and a 3 mm 
sonicator probe tip was placed deep into the liquid and sonicated with 35% amplitude for 2.5 minutes. Then, 
the tip was placed at the air/water interface and sonicated at 85% amplitude for 30 seconds, while 
perfluorobutane gas was simultaneously introduced to the vial headspace (no prior gas exchange was 
performed in this case). 
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MBs were removed from vials with an 18g needle and syringe to a clean vial and kept on ice until use. MB 
quality was monitored by measuring concentration and size distribution after production with a Coulter 
Counter Multisizer 4e (Beckman Coulter). MB stability was assessed by repeating the measurement of 
concentration and size distribution every hour from production for 8 hours (and after 24 hours). Samples 
were kept on ice between measurements. 

 

Results 

MBs prepared by using the tissue homogenizer protocol were smaller with a narrower size distribution 
compared to MBs made by sonication and clinical agitation (Figure 1A). They also had a higher 
concentration (Figure 1B) and were stable for over 8 hours in storage at 4⁰C, with minimal variation in size 
and concentration over the measuring period (data not shown). Other two methods showed higher 
intersample variation in size over the measured period, while concentration remained relatively constant. 
Varying the time (for more than 10 seconds) and speed of production was found to influence both 
concentration and size distribution, allowing for tuning of MB properties (data not shown). 

 

 

 

 

 

 

 

 

 

 

Conclusions 
We compared the size, concentration and stability of MBs produced using 3 different methods: 

sonication, mechanical agitation using a commercial vial shaker and agitation using a tissue homogenizer. 
The tissue homogenizer was found to yield bubbles at a higher concentration and with a narrower size 
distribution than sonication or the commercial shaker. Stability measured as a concentration and size over 
the 8 hours (on 4⁰C) was found to be best in tissue homogenizer MBs, with smallest intersample variation. 
The tissue homogenizer is also capable of processing larger volumes and numbers of samples, which may 
be important for therapeutic applications of microbubbles. It can be operated at different speeds and for 
different durations to tune the MB size distribution if required.  

 

 

 

 

Figure 1. – Characterization of MBs produced with different methods. Size distribution (A) and 
concentration (B) of MBs were obtained by Coulter Counter. All groups had n=3 and plotted is the mean 
and standard deviation. 
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Introduction  
Clinically available microbubbles have a broad resonance spectrum owing to their polydisperse size 

distribution. Monodisperse microbubbles (mMBs) have a more uniform acoustic response and can be 
generated using a microfluidic flow-focusing chip [1]. However, this production process is prone to 
coalescence at room temperature, limiting the production rate. A previous study showed effective 
suppression of mMB coalescence after adding 82.7 mol% Pluronic F68 (PF68)  [2]. However, the evaluation 
of size stability was only limited to 10 minutes post-production so the effects on shelf stability are unknown. 
Furthermore, the mMB were not acoustically characterized. Therefore, this study explores the impact of 
incorporating PF68 in the mMB production process on size stability for up to seven days, and characterizes 
the acoustic properties of these mMB using attenuation measurements. 

Methods 
The lipid film consisting of DSPC and DPPE-PEG5000 (9:1 mol ratio) was rehydrated in PBS to a lipid 

concentration of 20 mg/ml. Subsequently, PF68 was added to the solution to reach varying molar 
percentages of 0 (0PF-MB), 5 (5PF-MB), 7.2 (7.2PF-MB), 10 (10PF-MB) or 30 (30PF-MB) in separate 
experiments. The mMBs were produced at room temperature in the microfluidic platform Horizon [3]. A 
high-speed-camera was coupling to the Horizon to monitor the production process (Figure 1A) by measuring 
the on-chip size distribution using a customized MATLAB script. During production, the C4F10 gas pressure 
was set to 800 mbar, and the lipid solution flow rate adjusted to reach a 6 µm on-chip radius. The produced 
mMBs were collected and stored in a gas tight medical vial pre-filled with C4F10. The shelf stability was 
assessed by measuring the mMB size distribution over 7 days using Coulter Counter Multisizer 3 (number-
weighted). Acoustic attenuation measurements were performed two days after production by transmitng a 
sequence of 12-cycle pulses with frequencies ranging from 1 to 5 MHz in 100 kHz steps at acoustic pressures 
of 10, 25, 75 and 150 kPa. The shell stiffnes was derived from the measured resonance curve at 10 kPa and 
the peak mMB size using a linearized Rayleigh-Plesset equation. 

Results 
Figure 1B-F shows the on-chip size and 7 days size distribution of 5 mMB formed with different molar 

ratios of PF68. In the absence of PF68, the MB coalesced on chip, which resulted in a wide size distribution 
with multiple peaks. When PF68 was added, on-chip coalescence was suppressed, resulting in a mMB 
population with a single peak radius around 6 µm. For 5PF-MB (Figure 1C), 7.2PF-MB (Figure 1D) and 
10PF-MB (Figure 1E), they shrank to approximately 2 µm in 2 hours and remained stable for up to 7 days. 
However, the stability of 30PF-MB was compromised, disappearing in 2 hours post-production (Figure 1F). 
The shrinkage rate, calculated from the ratio of on-chip mMB radius to the mMB radius as measured by the 
Coulter Counter, increased with the molar percentage of PF68. This shrinkage ratio was 2.8, 2.99, and 3.04 
for 5PF-MB, 7.2PF-MB, and 10PF-MB, respectively.  

Furthermore, the concentration of mMB increased from 2 hours, and peaked after 1 day (10PF-MB) or 
after 2 days (5PF-MB and 7.2PF-MB), followed by a gradual decline up to 7th day. The initial increase in 
bubble concentration can be attributed to large foam bubbles due to Ostwald ripening which eventually 
dissolve to the same smaller mMB radii [4]. 
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Figure 1. A) Bright-filed image of 30PF-MB production in a flow-focusing chip. On-chip and 7-day size 

distribution of B) 0PF-MB, C) 5PF-MB, D) 7.2PF-MB, E) 10PF-MB and F) 30PF-MB.  
 
The attenuation spectra of the 5PF-MB, 7.2 PF-MB and 10PF-MB are shown in Figure 2. The resonance 

frequency decreased from 2.8 MHz to 2.5 MHz for 5PF-MB with increasing pressures from 10 to 150 kPa. 
For the 7.2PF-MB it decreased from 3 to 2.75 MHz, and 3.2 to 2.9 MHz for 10PF-MB. The obtained stiffness 
values of the stable bubbles were 0.85 N/m, 0.81 N/m and 0.86 N/mfor 5PF-MB, 7.2PF-MB, and 10PF-
MB, respectively. 

 
Figure 2. Attenuation measurements of A) 5PF-MB, B) 7.2PF-MB and C)10PF-MB from 1 to 5 MHz 

at pressure of 10-150 kPa.  

Conclusions 
 In conclusion, our results show that adding PF68 suppresses coalescence in the production of mMB at 

room temperature. The 5PF-MB, 7.2PF-MB, and 10PF-MB exhibited stable size distribution over 7 days, 
while the 30PF-MB did not, suggesting an upper limit of PF68 addition for reaching stable mMB. 
Attenuation measurements revealed a comparable stiffness value for 5PF-MB, 7.2PF-MB, and 10PF-MB, 
that is higher than comparable mMB without PF added [4]. These findings underline the benefits of adding 
PF68 to scale-up the production of coalescence-free monodisperse microbubbles. 
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Introduction 
Lipid-coated microbubbles are routinely used in the clinic as ultrasound contrast agents (UCAs) [1]. An 

emerging application of microbubbles and ultrasound is molecular ultrasound imaging using functionalized 
microbubbles with targeting ligands incorporated in the bubble shell. However, the polydisperse size 
distribution of current UCAs complicates quantitative molecular ultrasound imaging due to their non-
uniform acoustic response, which inhibits the acoustic discrimination of freely floating, non-specifically 
bound, and specifically bound bubbles [2,3]. Narrowing down the size distribution of functionalized 
microbubble suspensions is therefore a promising pathway to quantitative molecular ultrasound imaging. 
Here, we show that monodisperse biotinylated microbubbles can be produced using microfluidics, and that 
they can be used for high-precision acoustic measurements of resonance frequency changes upon their 
flotation and specific binding to a wall.  

Methods and results 
Microbubble formation and washing. Monodisperse microbubbles were formed in the flow focusing 
device shown in Fig. 1A. The lipid dispersion contained DSPC mixed with DSPE-PEG5000 and DSPE-
PEG5000-Biotin at a molar fraction of 90 : 9 : 1, respectively. Stable microfluidic bubble formation requires 
a total lipid concentration of at least 12.5 mg/mL. As such, approximately only 1 in every 10.000 lipid 
molecules self-assemble in the bubble shell. The excess lipids need to be removed as these occupy the 
available binding sites thereby preventing the molecular binding of the bubbles. The common method to 
remove excess lipids is centrifugation. However, centrifugation affects microbubble stability due to the 
increased hydrostatic pressure during centrifugation, which compresses the bubbles and thereby potentially 
results in lipid shedding and a decreased bubble size, see Fig. 1C. To maintain the monodispersity of the 
bubbles, we devised a novel and fully automated microfluidic washing method that can be used to reduce 
the excess lipid concentration by at least 10.000 times (Fig. 1B). The method allows washing to be 
performed within minutes while the microbubble size distribution remains unaffected (Fig. 1C).  

To verify that the produced microbubbles were biotinylated and that excess lipid was removed, 
fluorescently labeled streptavidin (Streptavidin-AlexaFluor488) was added to a washed microbubble 
suspension. After a 10-minute incubation period, the dye was washed away. The concurrent fluorescence 
and brightfield images shown in Fig. 1D show that all bubbles are biotinylated and, based on the low 
background intensity, that the excess lipid was successfully cleared.  
Acoustic characterization. A 50-µm thick polystyrene film incorporated in a 3D printed closed sample 
holder was coated with streptavidin through physisorption. Washed microbubbles were then brought in 
contact with the surface through floatation. Unbound microbubbles were flushed out of the sample holder 
by applying a flow while the sample holder was flipped upside down. Microscope images were then taken 
to verify that the bound microbubbles were spaced by at least 10 times their diameter to minimize acoustic 
bubble-bubble interactions.  

The resonance behavior of microbubbles in the unbounded fluid, floating to the polystyrene surface, and 
specifically bound to the surface was measured using 12-cycle narrowband ultrasound attenuation 
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measurements at an acoustic pressure of 3 kPa. The sample holder with an uncoated polystyrene surface 
was used to determine the ultrasound attenuation of microbubbles floating against the wall. The obtained 
attenuation spectra shown in Fig. 1F demonstrate that the resonance frequency (frequency of maximum 
attenuation) of the microbubbles decreased by 15% upon their flotation from the unbounded fluid to the 
wall, and by an additional 10% upon their molecular binding to the wall. 

Conclusions 
Monodisperse biotinylated microbubbles can be produced by microfluidic flow focusing. The excess lipids 
can be washed away using a novel automated washing method that maintains microbubble monodispersity. 
Preliminary results show that the resonance frequency of the 3-µm radius microbubbles studied here 
decreases by 15% upon their flotation from the unbounded fluid to the wall, and by an additional 10% upon 
their molecular binding to the wall. As such, the results are a first indication that monodisperse 
functionalized microbubbles are a route to the acoustic discrimination of freely floating, non-specifically 
bound, and specifically bound microbubbles.  

 
Figure 1: (A) Biotinylated microbubble formation by flow focusing. (B) Relative number of excess lipids 
as a function of liquid volume pumped through the washing chamber (inset). (C) Microbubble size 
distribution before and after washing and centrifugation. (D) Corresponding fluorescent and brightfield 
images of fluorescently labeled streptavidin attached to the biotinylated microbubbles. (E) Schematic of the 
ultrasound setup for the acoustic attenuation experiments. (F) Ultrasound attenuation spectra for the same 
microbubble suspension homogeneously distributed in the sample holder, floating against the top wall of 
the sample holder, and bound to the bottom wall of the sample holder.   
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Introduction  
Microbubble volume dose (MVD) represents a standardized metric that unifies the MB size distribution 

and concentration into a single dose parameter (µL/kg) for predicting MB biological effects, acoustic 
response and pharmacokinetic behavior [1-3]. Poly(ethylene glycol) (PEG), a commonly used non-ionic 
hydrophilic polymer within the MB shell, can adopt either a brush or mushroom configuration depending 
on the PEG molecular weight and surface density [4]. PEG is thought to prevent coalescence and shield the 
MB from opsonization and rapid clearance, although it is also known to induce an antibody response after 
multiple injections [5]. However, the effect of PEG configuration on MB pharmacokinetics remains 
unexplored. Hence, this study aimed to investigate the effect of different PEG configurations on MB 
pharmacokinetics as a function of MVD.  

Methods 
3 µm lipid-coated MBs (DBPC: PEG2000 and PFB gas) with mushroom, intermediate and brush 

configuration were obtained by varying the PEG molar ratio at 2%, 5% and 10%. Three Wistar rats (300-
400 g) were intravenously injected with 20 and 40 µL/Kg MVD of each MB configuration. Then, blood 
samples were withdrawn at different times (1–30 min) and analyzed by image processing. The order of 
pharmacokinetics profile, half-life (t1/2) and area-under-the-curve (AUC1) for each configuration were 
determined by fitting the one-compartment model (C1=C0e-ket) and two-compartment model 
(C1=C0�αe-λ1t+(1-α)e-λ2t�).  

Results 
The mushroom, intermediate and brush size-isolated MBs exhibited a mean volume-weighted diameter 

of 3.2 µm. For 20 MVD and 40 µL/Kg MVD, MB clearance followed first-order kinetics (Figure 1A) and 
biexponential kinetics (Figure 1B). The exponential decay curves indicate that at low MVD, MBs were 
eliminated from circulation 20 min post-administration (Fig. 1A-a), whereas at high MVD, circulation time 
extended until 30 min (Fig. 1B-b). Surprisingly, the brush and intermediate configurations displayed a 
slightly faster MVD decay over time than the mushroom configuration.  

Interestingly, for both kinetic profiles, the t1/2(1) (Fig. 1A-b and Fig. 2B-b) and AUC1 (Fig. 1A-c and 
Fig. 2B-c) values in the central compartment (C1) decreased with increasing PEG concentration from 
mushroom to brush and remained similar for intermediate and brush configurations. The t1/2(1) decreased 
from 2.3 ± 0.3 to 1.4 ± 0.2 min and from 0.40 ± 0.05 to 0.20 ± 0.03 min for 20 and 40 µL/kg MVD. Freely 
circulating MBs, represented by the AUC1, decreased from 66.9 ± 9.9, 32.6 ± 3.3 and 40.8 ± 6.8 μL×min/kg 
and from 105.3 ± 13.6 to 41.8 ± 10.3 min μL×min/kg, respectively.   

 

Conclusions 
In conclusion, the findings from our study provide valuable insights into the pharmacokinetics of MBs 

with various PEG configurations. These results suggest that a lower PEG fraction is recommended to 
prolong circulation time, enhance bioavailability and reduce the retention of lipid-coated MBs.  
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Figure 1. Pharmacokinetic characterization within the central compartment (C1) for mushroom (M), 

intermediate (I) and brush (B) PEG microbubble (MB) configurations. A-B) Pharmacokinetic analysis in a 
one- and two-compartment model for MBs administered at 20 and 40 μL/kg MVD, respectively. a) 
Pharmacokinetic profiles are depicted with solid lines representing monoexponential and biexponential 
decay fits, with R2≥0.98, b) half-life (t(1/2)) and area-under-the curve (AUC1). *p≤ 0.05. The data represent 
the mean ± standard deviation from three different experiments.  
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Introduction  
Intramedullary spinal cord tumors (IMSCTs), despite their low incidence[1], impose a significant 

challenge in clinical settings due to the ineffective, highly invasive, and toxic treatment options[2]. Surgical 
resection, as the current standard of care, is limited by the infiltration pattern of some tumors such as 
astrocytomas[3]. Moreover, most of the newly developed and tested treatments target the IMSCT brain 
counterparts resulting in spinal cord tumor treatments being left as an underexplored research area. Thus, 
there is a need to innovate new interventions for treating tumors in the spinal cord.  

Focused ultrasound (FUS) in combination with ultrasound contrast agents is a relatively new, localized, 
and non-invasive treatment modality which has demonstrated broad clinical adaptability[4]. Intense 
interaction of ultrasound field with microbubbles can induce vascular disruption and lead to tumor growth 
delay subsequent to cell starvation[5,6]. Despite FUS-induced anti-vascular therapy being preclinically 
tested for various non-CNS tumor types, it has been studied to a lesser degree in the CNS. While in non-
CNS tissue the tumors have shown to be more sensitive to this treatment due to their underdeveloped 
vasculature, there is a lack of corresponding data for CNS tumors. Thus, this study focuses on testing FUS 
and microbubble-induced anti-vascular therapy in spinal cord tumors for the first time to compare sensitivity 
of tumor versus healthy spinal cord tissue in a rat IMSCT model. 

Methods 
F98 glioma cells were injected directly in the midplane of the rat spinal cord to establish IMSCT[7]. A 

spherically focused PZT transducer with a center frequency of 580 kHz (10ms bursts, 1 Hz PRF, 40s 
duration) was used to deliver FUS under MRI guidance. After intravenous injection of house-made lipid-
shelled microbubbles (MBs, composed of DSPC and DSPE-PEG2000, measuring 1.00± 0.85 um in diameter 
and dosed at 2.4× 107 MBs per 100 grams of rat body weight), animals were treated both in the tumor tissue 
and the adjacent healthy spinal cord tissue over four different experiment arms of sham ultrasound (n=3) 
and ultrasound pressures (non-derated) of 0.4 MPa (n=5), 0.8 MPa (n=4) and 1.2 MPa (n=5). Animals were 
then sacrificed at 24h post-treatment, and the spinal cord tissue was harvested and processed for histology. 

Results 
Red blood cell extravasation, petechiae, and hemorrhagic lesions were detected in the H&E-stained 

slides of the samples. While damage to the tumor seems to be more localized, usually showing up as a 
proteinaceous fluid-filled cavity with floating red blood cells, the healthy tissue suffers from more extensive 
bleeding, in the form of many isolated areas of damage which are closely spaced but not contiguous, and 
sometimes extend beyond the FUS target size. A total damage rate of 62% for healthy tissues and 50% for 
tumor tissue was achieved; however, different pressures yielded different damage rates with 1.2 MPa 
pressure causing 100% damage rate in both healthy and tumor tissue, 0.8 MPa pressure causing damage in 
all healthy targets but only 25% of the treated tumors, and 0.4 MPa pressure giving rise to mild damage in 
60% of both healthy and tumor tissue. 

Moreover, qualitative comparison of damage in tumor versus healthy spinal cord tissue demonstrates 
the greater relative sensitivity of the healthy spinal cord tissue in response to FUS-induced anti-vascular 
therapy compared with the F98 tumors. 
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Conclusions 
Similar or greater susceptibility of healthy spinal cord tissue to FUS-induced damage accentuates the 

importance of safety measures even in less intense FUS treatments such as blood spinal cord barrier opening 
for drug delivery as the ultrasound parameters which are adequate to acquire the desired bioeffects in tumor 
might bring about hazardous bioeffects in the surrounding vitally important healthy spinal cord tissue. It 
also underscores the need to confine the treatment based on the tissue type. 
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Introduction  
Tumor spheroids are promising 3D in-vitro tumor models for the evaluation of drug delivery 

methods [1]. Indeed, their architectures reflect partly the 3D organization of tumor, tumoral heterogeneity 
and microenvironment, resulting in a greater resistance to drugs than that observed in 2D in-vitro 
models [2,3]. The design of noninvasive and targeted drug methods is required to improve the intratumoral 
bioavailability of chemotherapeutic drugs and to reduce their adverse off-target effects. Among such 
methods, microbubble-assisted ultrasound (MB-assisted US) is an innovative modality for noninvasive 
targeted drug delivery. This method enhances the local drug extravasation and penetration in the tumor 
tissue while reducing their nonspecific accumulation in healthy tissue and their side effects [4]. The aim of 
the present study is to evaluate the influence of acoustic pressure and MB concentration on the delivery of 
a drug model into colorectal cancer (CRC) spheroids and to investigate the efficacy of this US modality for 
the delivery of bleomycin, doxorubicin and irinotecan in colorectal cancer (CRC) spheroids. 

Methods 
Spheroid permeabilization – The CRC spheroids were placed in the cuvette and incubated with a 

fluorescent dye, propidium iodide (PI; 100 µM), and Vevo MicroMarker MBs (range from 2.107 to 8.107 
MB/mL) in a deionized water tank at 37°C. Subsequently, the spheroids were exposed to 1 MHz sinusoid 
US waves with a pulse repetition period of 100 µs, 40 cycles/pulse, for 1 min with a peak negative pressure 
(PNP) range from 100 to 400 kPa. The PI penetration into spheroid was assessed using a fluorescence 
microscope. Spheroid growth and viability were evaluated by measuring spheroid area for 10 days under 
optical microscope and by a trypan blue assay at the 13th day, respectively.  

Impact of MB-assisted US on spheroid structure – Ultrastructural modifications of CRC spheroids were  
investigated using histological analysis and transmission electron microscopy (TEM), immediately and 20 
min after MB-assisted US. 

Drug delivery using MB-assisted US – Three chemotherapeutic drugs, including bleomycin (0.1 µM and 
1 µM), doxorubicin (1 µM and 10 µM) and irinotecan (0.1 µg/mL and 1 µg/mL), were acoustically delivered 
(400 kPa; 4.107 MB/mL) into the spheroids. Spheroid growth and viability was evaluated as described 
above. 
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Results 
Spheroid permeabilization – The exposure of CRC spheroids to an PNP range of 100 kPa to 400 kPa 

significantly induced an increase of the fluorescence intensity compared to PI treatment alone, reaching a 
plateau from 300 kPa. Surprisingly, the doubling or quadrupling of the MB concentration resulted in similar 
permeabilization of spheroids as for an MB concentration of 2.107 MB/mL. Regardless of the PNP value or 
MB concentration, MB-assisted US had no significant influence on spheroid growth or viability. 

Impact of MB-assisted US on spheroid structure – Histological analysis showed that the spheroids 
appeared less cohesive in structure immediately and 20 min after MB-assisted US exposure compared to the 
control spheroids. Indeed, the intercellular junctions of tumor cells located in the peripheral layers of 
spheroids were significantly disrupted in comparison to the control spheroids (37 ± 2 % immediately after 
MB-assisted US versus 12 ± 2 % for the control condition). TEM analysis confirmed these histological 
observations. Indeed, the sonicated spheroids exhibited changes in cell morphology and organization (i.e, 
wide intercellular gaps) in the peripheral layer of CRC spheroids compared to the control condition. 

Drug delivery using MB-assisted US – The bleomycin treatment alone (0.1 or 1 µM) induced a decrease 
in spheroid growth compared to the control condition. This cytotoxic effect became more important when 
the bleomycin was delivered using MB-assisted US. Indeed, the acoustically mediated delivery of 
bleomycin at 0.1 µM resulted in a significant reduction of spheroid growth, which was close to that obtained 
with bleomycin treatment alone at 1 µM. In addition, the exposure of spheroids to MB-assisted US with 1 
µM of bleomycin completely inhibited the spheroid growth. The trypan blue exclusion assay confirmed 
these results at the 13th day. However, this US modality did not improve the therapeutic efficacy of 
doxorubicin and irinotecan on CRC spheroids. 

Conclusions 
MB-assisted US induced an efficient permeabilization of colorectal cancer (CRC) spheroids to small 

molecules without affecting their viability and their growth. Histological analysis and electron microscopy 
revealed that MB-assisted US affected only the peripheral layer of CRC spheroids. MB-assisted US 
enhanced the therapeutic efficacy of bleomycin on CRC spheroids but not that of doxorubicin and irinotecan. 
Finally, this study demonstrates that tumor spheroids are a relevant model to evaluate the efficacy of MB-
assisted US for the delivery of chemotherapeutics. 
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Introduction  
Intrahepatic cholangiocarcinoma (ICC) is an aggressive epithelial cell malignancy that arises from the 

biliary tree in the liver and accounts for approximately 20% of all primary liver cancers, while hepatocellular 
carcinoma (HCC) accounts for the remaining 80% [1]. Moreover, the liver is a particularly common location 
for metastatic disease. In patients that have ICC or metastatic disease in the liver, 5-year relative survival 
rates are poor, ranging from 11-42% [2] [3]. Unfortunately, most patients present with disease that puts 
them outside the transplant criteria, so locoregional therapies such as transarterial radioembolization 
(TARE) are used as a bridge to transplant or to delay disease progression [4], [5]. TARE utilizes small glass 
beads approximately 30 µm in diameter that enclose the radioactive material yttrium-90 (Y90) [6]. Y90-
TARE provides a localized and sustained release of radiation to the tumor with high delivered doses 
(approximately 110-200 Gy) [6]. Treatment efficacy is currently determined by a 2-6 month CT/MRI, and 
unfortunately, patients often have to wait months after Y90-TARE procedure to determine if the treatment 
was effective. 

Contrast-enhanced ultrasound (CEUS) uses gas-filled microbubbles approximately 1-10 µm in 
diameter. At higher acoustic pressures (but still under the United States Food and Drug Administration limit 
of mechanical index < 1.9), these microbubbles undergo ultrasound-triggered microbubble destruction 
(UTMD), which can produce bioeffects on tumor endothelial cells [7]. UTMD induces mechanical 
perturbation on tumor endothelial cells, upregulating the production of ceramide, which acts as a second 
messenger for apoptosis and augments radiosensitization [8], [9]. Our group has shown the potential benefits 
of UTMD in a randomized clinical trial of hepatocellular carcinoma patients undergoing Y90-TARE. The 
aim of this clinical trial is to evaluate the safety and potential efficacy of using volumetric UTMD to improve 
outcomes in patients with ICC and metastatic disease in the liver who receive Y90-TARE.  

 

Methods 
In this pilot clinical trial, recruitment started in April 2022 under NCT# 05328167. Eligible participants 

with ICC or metastatic disease in the liver scheduled for a sub-lobar Y90-TARE treatment with tumors > 1 
cm provided informed consent to participate in this IRB-approved study at Thomas Jefferson University. 
As part of the research protocol, each participant received four CEUS examinations. The first CEUS 
examination occurred one to two weeks prior to TARE at the time of the planning procedure, the second 
examination 1-4 hours post-Y90-TARE, and the third and fourth CEUS examinations were one- and two 
weeks post-Y90-TARE, respectively. Microbubble infusions consisted of 5 ml of activated Optison (GE 
Healthcare, Princeton, NJ) mixed in 50 ml saline and infused over a 10-minute period at a rate of 120 ml/hour 
through a peripheral arm vein. After confirmation of contrast enhancement, 2D and 3D CEUS imaging was 
performed with a modified Logiq GE E10 scanner (GE HealthCare, Waukesha, WI) using a RAB6-D probe 
with transmitting frequencies ranging from 3.3-5.0 MHz. 
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For all CEUS examinations, participants were asked to temporarily halt respiration (approximately 5-
10 seconds) to acquire CEUS imaging over the 10-minute infusion. For CEUS examination 1, imaging 
consists of baseline 2D and 3D CEUS to evaluate pre-treatment tumor enhancement. In CEUS examinations 
2-4 (post Y90-TARE), volumetric UTMD (approximately 4 seconds) with flash-replenishment imaging was
repeated approximately 3-5 times at the tumor midline. For 2D imaging, UTMD destructive pulses
(approximately 4 seconds) were acquired to sweep through the tumor volume. For safety evaluation, vital
signs pre and post-UTMD sessions, adverse events, and liver function tests at baseline and 1-2 months post
Y90-TARE were evaluated. For treatment response, participants’ long-term outcomes and cross-sectional
follow-up imaging are being evaluated and will eventually be matched to historical controls.

Results: 
To date, seven participants have been enrolled with no serious adverse events recorded for any of the 

CEUS examinations. Five cases were diagnosed as ICC, and two cases as colorectal cancer metastases. 
Mean tumor diameter was 4.3 cm (range: 2.2-8.3 cm). The mean age and BMI were 60 ± 5.8 years and 28.8 
± 3.8 kg/m2, respectively. Contrast enhancement was present in all CEUS cases, and 3D volume acquisition 
rates ranged from 0.3 to 3.0 volumes/second. The mean mechanical index and intensity peak spatial peak 
temporal average (IPSTA) during coded-harmonic imaging was 0.2 ± 0.1 and 7.8 ± 7.2 mW/cm2 with 
UTMD destructive pulses 0.9 ± 0.3 and 170.7 ± 24.1 mW/cm2. The mean Y90-TARE radiation dose was 
141.7 Gy (range: 130-150 Gy). To date, four participants have completed all CEUS examinations. One 
participant withdrew from the study after CEUS examination 1, one completed three of the four CEUS 
examinations with no follow-up cross-sectional imaging, and one participant remains on active follow-up 
CEUS imaging.  

Currently, cross-sectional imaging post-Y90-TARE is available for two participants. In these two 
participants (both with ICC), the 2-6 month cross-sectional imaging determined that one participant had a 
non-viable tumor. This participant had no further liver-directed therapy (Figure 1). The other participant had 
viable tumor and underwent Y90-TARE retreatment of the same tumor seven months post-CEUS imaging. 
In both participants, the treatment cavity was assessed by the study team. In the patient with the non-viable 
tumor on cross-sectional imaging, the treatment cavity showed no residual or internal enhancement on 
CEUS imaging. The participant found to have viable disease post-Y90-TARE on cross-sectional imaging 
showed post-treatment residual enhancement on CEUS, indicating that CEUS may also be useful for 
monitoring treatment response in these participants immediately post-Y90-TARE. Two participants recently 
completed all CEUS examinations and are awaiting cross-sectional imaging. 

Conclusions: 
Early results demonstrate that the addition of UTMD in participants with ICC and metastatic disease to 

the liver receiving Y90-TARE is safe and well tolerated. Microbubble cavitation may help sensitize tumors 
to improve treatment response to Y90-TARE. However, recruitment and data analysis are ongoing.  
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Figure 1. Intrahepatic cholangiocarcinoma in the left lobe of the liver on a pre-treatment contrast-enhanced CT 

(A). During the treatment planning, angiography (B), cone-beam CT (C), and Tc-99m MAA (macroaggregated 
albumin) SPECT-CT (D) was performed to evaluate hepatic and tumor feeding vasculature. Dual 2D CEUS imaging 

immediately post-Y90 TARE treatment (E) 3D UTMD pulse sequences (F) and 3D harmonic imaging to evaluate 
tumor reperfusion (G). The blue circle indicates the corresponding tumor. 
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Introduction  

Stereotactic body radiotherapy (SBRT) is a type of hypofractionated radiotherapy in which radiation 
doses, larger than conventional radiotherapy doses (typically >6 Gy), are precisely delivered to tumours.  
SBRT has shown clinical success in several cancer types; however, its use in treating head and neck cancers 
(HNC) is limited by the risk of damage to the surrounding vital normal tissues.  Independent vascular injury 
is reported to enhance the tumour cytotoxicity of SBRT and improve clinical response to treatment.  As a 
result, tumour vasculature targeting agents are proposed as adjunct therapies to radiotherapy, with the aim 
of reducing the radiation dose required to achieve a given level of tumour cytotoxicity. Extensive preclinical 
evidence supports the use of ultrasound-stimulated microbubbles (USMB) as mechanically acting 
radiosensitisation agents, with equivalent cell death and tumour growth control observed following the 
combination of USMB and low dose radiotherapy (2 to 6 Gy) compared to higher doses of radiation alone 
(>8 Gy) [1, 2, 3].  This work aimed to assess the therapeutical potential of USMB as radiosensitisation 
agents in HNC using pre-clinical models and explore the mechanism of action responsible for achieving the 
radioenhancement effects.  

Methods 
Female C57BL/6 mice bearing subcutaneous MOC2 (murine oral carcinoma) tumours (n=24) were 

randomly allocated into i) no treatment ii) 8 Gy or iii) USMB and 8 Gy treatment groups once tumours 
reached 150 mm3.  For USMB, intravenously administered Luminity® (Pharmanovia, Burgemeester, 
Netherlands) were stimulated by a 1 MHz single-element transducer (Precision Acoustics, Dorchester, UK) 
emitting a 50 ms tone-burst pulse of 16-cycles at 3 kHz PRF and 500 kPa, repeated every 2 s to allow for 
MB recirculation.  A single radiation dose of 8 Gy was delivered using a Small Animal Radiation Research 
Platform (Xstrahl Ltd, Suwannee GA, USA).  Radiation was delivered 6 hours post USMB.  Tumour size 
was assessed with callipers every 2 days post-treatment until tumours reached the humane size limit of the 
project licence.  
 To assess vascular changes, longitudinal DCE-US imaging was performed at 48 hours and 7 days 
post-treatment and at the humane endpoint.  Time-amplitude curves (TACs) were generated using DCE-US 
imaging data to derive semi-quantitative metrics of tumour perfusion such as peak enhancement (PE) and 
MB wash-in and wash-out time.  Tumour morphology and neovascularisation were assessed by a pathologist 
using Haematoxylin and Eosin (H&E) and CD-31staining of tumours excised at study endpoint. 

Results 

USMB enhanced MOC2 tumour response to radiotherapy.  Tumours treated with the combination 
of USMB and 8 Gy exhibited a growth delay relative to the 8 Gy and untreated controls, with the median 
doubling time increasing to 11.4 days for USMB and 8 Gy tumours compared to 7.9 and 4.9 days for the 8 
Gy and untreated tumours respectively, Figure 1.  

Analysis of longitudinal DCE-US imaging revealed changes in metrics associated with enhanced 
tumour perfusion in tumours treated with USMB and 8 Gy.  At seven days post treatment, the median PE 
increased, and wash-in time decreased (2224 a.u and 15.8 s respectively) compared to measurements taken 
of the same tumours 48 hours post-treatment (1492 a.u and 42.4 s) and at endpoint (773 a.u and 69.3 s).  In 
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addition, median PE was higher and wash-in time lower in USMB and 8 Gy tumours compared to the 8 Gy 
(1082 a.u and 25.7 s) and untreated control (1020 a.u and 55.2 s) tumours at the same 7-day time point, 
Figure 2.    

H&E staining revealed that cells within the untreated tumours had morphological characteristics 
associated with poor cell differentiation and a more mesenchymal phenotype.  In contrast, tumours treated 
with 8 Gy or USMB and 8 Gy comprised of a mixture of two distinct cell populations with different 
morphological features, Figure 3.  One population was regular in cell and nuclear size and more closely 
resembled normal squamous mucosa, which are features associated with well-differentiated squamous 
carcinoma cells. Whereas the second population had large and abnormal nuclei and increased mitotic 
activity, appearing only moderately differentiated.  Tumours treated with USMB and 8 Gy had a higher 
proportion of well-differentiated cells than the tumours treated with 8 Gy alone, Figure 3.  Furthermore, 
CD31 staining revealed that the vessels within the well-differentiated regions were less chaotic and more 
similar in morphology to vessels within non-cancerous tissues, Figure 3.  

Conclusions 

These results demonstrate that USMB can be used as a localised adjunct treatment to enhance 
response of HNC to radiotherapy.  A higher proportion of the cells within tumours treated with USMB and 
8 Gy appeared morphologically well-differentiated and similar to normal epithelial cells.  Well-
differentiated tumours are associated with a less aggressive disease phenotype, better treatment response 
and survival.  Additionally, an increase in blood volume and blood flow into tumours was observed seven 
days after treatment with USMB and 8 Gy. Future work will utilise multimodality imaging, further 
histological analysis, and immune profiling to determine the molecular mechanisms responsible for 
radiosensitisation using USMB in HNC. 

   
Figure 1. A. Mean MOC2 tumour growth curves per treatment group, expressed as change in tumour 
volume  relative to tumour volumes at treatment (*p < 0.05, Multiple Mann-Whitney t tests between control 
and USMB and 8 Gy). B. Tumour doubling times (calculated using an exponential (Malthusian) fit) per 
treatment group (*** p = 0.0004, ** p = 0.005, Mann-Whitney t tests).  
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Figure 2. DCE-US metrics of MOC2 tumours at 48 hours and 7 days post-treatment and at end point.  A & 
C. Changes in peak enhancement (PE) and wash-in time for MOC2 tumours over time. B & D. Differences 
in PE and wash-in time between groups 7 days post-treatment (*P = <0.05, Mann Whitney t tests). 
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Figure 3. A. H&E staining of representative tumours from the untreated, 8 Gy and USMB and 8 Gy 
treatment groups. Bar = 2.5 mm. B. High magnification images of ROIs from A. Poorly differentiated cells 
with large and abnormal nuclei (yellow arrows) observed in the untreated tumour.  Two distinct populations 
observed in 8 Gy, and USMB and 8 Gy tumours: darker stained cells = well-differentiated (black arrow) 
and paler cells = moderately differentiated (red arrow) carcinoma cells. Bar = 250 µm. C. 
Immunohistochemical staining of CD31 on endothelial cells within ROIs from A.  Images show 
morphological differences between the blood vessels in poorly- (yellow arrow), moderately- (red arrow) 
and well- (black arrow) differentiated tumour regions. Bar = 500 µm.  
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Introduction 
Nanoparticles are used as drug carriers in cancer therapy, but present limited and variable tumor 

accumulation [1]. The delivery of nanoparticles to tumors can be improved by cavitation of microbubbles 
with ultrasound [2]. However, the mechanisms and biological effects of this treatment are not fully 
understood. Thus, there is a need to explore the effect of ultrasound and microbubbles on the tumor 
microenvironment in general, for instance the tumor vasculature, as well as nanoparticle uptake.  It is also 
necessary to understand the role of the tumor microenviroment in the success or failure of nanoparticle 
delivery with ultrasound and microbubbles, to asses whether a tumor/patient group could benefit from such 
a treatment.  

Methods 
Three murine tumor models, 4T1 (breast cancer), CT26 (colon cancer) and KPC (pancreatic cancer) 

were grown subcutaneously in the hind leg of mice.  Contrast Enhanced Ultrasound (CEUS) imaging with 
MicroMarker was done to characterize the tumor vasculature and perfusion (Fig. 1). 

Animals were treated with pulsed ultrasound over 9 minutes, with intraveneous SonoVue injections at 
0, 3 and 6 minutes.  A frequency of 1 MHz, a mechanical index of 0.5 and a pulse repetition frequency of 
0.25 Hz with 10 000 cycles was used, parameters previously shown to increase delivery of both free and 
nanoparticle encapsulated drugs to tumors [3].  Passive cavitation detection was used to confirm SonoVue 
activity.  

Animals were injected with FITC-labeled lectin directly after ultrasound treatment to label functional 
blood vessels, followed by euthanazia after 5 minutes. Polymeric nanoparticles were injected prior to 
ultrasound treatment to evaulate effects on particle delivery, where whole animal optical imaging was used 
to monitor particle uptake in tumors over time. Confocal imaging was used to image all blood vessels 
(CD31), functional vessels (FITC-lectin), hyaluronic acid (HA, HA-binding protein) and cell nuclei (DAPI), 
and fibrillar collagen was imaged by second harmonic generation microscopy. The fraction of functional 
blood vessels in the tumor was evaluated by the ratio between functional and all vessels.  

Results 
CEUS imaging revealed that the CT26 tumors presented slower perfusion and a higher blood volume 

compared to the 4T1 and KPC tumors. In the case of all blood vessels, both functional and non-functional, 
confocal imaging revealed similar amounts between the three tumor models, with a great degree of variation 
from tumor to tumor. The CT26 and KPC tumors presented comparable cell densities, with 4T1 trending 
lower than the other two. Further, CT26 had the lowest amount of HA of the three tumor models.  
Additionally, the KPC tumors showed a trend toward increased amounts of fibrillar collaged compared to 
4T1 and CT26. 

There was a reduction in the fraction of functional blood vessels in all three tumor models directly after 
treatment with ultrasound and microbubbles, however the reduction was more pronounced in the 4T1 and 
CT26 tumors compared to KPC. Further, the effect of ultrasound and microbubbles on nanoparticle uptake 
varied between the three tumor models.  
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Conclusions 
The CT26, 4T1 and KPC tumors presented different tissue characteristics and responded differently to 

treatment wih ultrasound and microbubbles. Notably, the KPC tumors had higher amounts of collagen and 
a smaller reduction in the fraction of functional blood vessels compared to 4T1 and CT26, potentially 
indicating that collagen-rich tumors are more resistant to vascular effects from ultrasound and microbubbles. 
These results highlight the importance of evaluating treatment suitability and effects in the specific cancer 
tissue of interest.  

Figure 1. Simplified schematic overview of the study. Figure created with BioRender.com 
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Introduction 
Using microbubbles (MB) in combination with focused ultrasound (FUS) has shown to improve the 

tumor uptake and therapeutic effect of standard chemotherapy in both preclinical and clinical trials [1-4]. In 
a preclinical study, Haram et al. found that MB + FUS treatment of orthotopic pancreatic tumors in mice 
increased the uptake of the chemotherapeutic agent FOLFIRINOX, as presented in Fig. 1 [5].  

 
 
 

 
Figure 1. Tumor uptake of platinum in pancreatic tumor tissue after (A) five treatments and (B) one 

single treatment [5].  
 
However, there was not a significant difference in tumor growth between the groups which received 

FOLFIRINOX alone compared to those treated with FOLFIRINOX in combination with MB + FUS. In a 
subsequent clinical trial, patients with inoperable pancreatic ductal adenocarcinoma (PDAC) were treated 
with standard chemotherapy either with or without MB + FUS [6]. The tumor growth varied greatly between 
patients within both the treated and control group, and no significant difference was observed between the 
groups. It should be mentioned that only 20 patients were included and randomized for either treatment with 
FUS+MBs or control. A prerequisite for successful chemotherapy is that the drug reaches all tumor cells. 
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Therefore, overall tumor uptake of drugs needs to be supplemented with information on the 
microdistribution within the tumor. In our work, confocal laser scanning microscopy was used to image the 
microdistribution of the fluorescent cancer drug doxorubicin in murine tumors treated with and without MB 
+ FUS.  

Methods 
Subcutaneous murine KPC and CT26 tumors in the hind leg of mice were chosen as tumor models. On 

treatment day, the mice were anesthetized and placed on a water tank with an ultrasound setup as shown in 
Fig. [2].  

 
Figure 2. Schematic illustration of the ultrasound setup. Created with BioRender.com. 
 
Before sonication, 10 mg/kg doxorubicin was injected intravenously. Immediately after, the tumor was 

sonicated with FUS for 6 minutes. 50 μL SonoVue was injected intravenously immediately after initiation 
of sonication and after 3 minutes. 25 minutes after the initial SonoVue injection, 50 μL lectin conjugated 
with a fluorochrome was injected intravenously to label functional vessels.  Five minutes later, mice were 
euthanatized, and tumors were harvested. The fluorescence of doxorubicin from the whole tumor was 
imaged ex vivo in the IVIS whole animal imaging system. 

Tumor sections were imaged using confocal laser scanning microscopy. 25 μm frozen tumor sections 
were prepared with a cover glass and the mounting medium VectaShield PLUS with DAPI nucleic acid 
stain. Tile scans were captured using a 20x/0.8 air objective. The images were processed and analyzed using 
ImageJ.  

Results 
Representative confocal laser scanning images from one KPC and one CT26 tumor treated with 

doxorubicin and MB + FUS are shown in Fig. 3. The tile scans illustrate that CT26 tumors have more 
functional blood vessels (green) throughout their center than KPC tumors. Ex vivo fluorescence imaging 
from tumors in the whole-animal imaging system shows that the total uptake of doxorubicin is higher in 
CT26 tumors than in KPC tumors, probably due to the higher amount of blood vessels in CT26 tumors. 
From the confocal laser scanning images, the average fluorescence intensity and sum of pixel values of 
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doxorubicin (yellow) are measured in ongoing work and gives an indication of the total doxorubicin uptake 
in the tumor section. The zoomed-in areas show that there is more fluorescence from doxorubicin in areas 
close to blood vessels, and the intensity decreases with increased distance from the blood vessel. To 
quantitate this concentration gradient and the effect of MB + FUS, the number of cells with doxorubicin as 
a function of distance from the nearest blood vessel are determined. Furthermore, doxorubicin accumulated 
within the cell nuclei, which was confirmed by colocalization with DAPI (not shown).  

 

 
Figure 3. Whole-tumor tile scans of doxorubicin (yellow) and blood vessels stained with FITC-labeled 

lectin (green) in CT26 (A) and KPC (B) tumors, together with zoomed-in snapshots (C, D) from select 
regions of each tumor. 

 

Conclusions 
Whole-tumor fluorescent imaging shows a higher uptake of doxorubicin in CT26 tumors than in KPC 

tumors, in accordance with a higher amount of blood vessels in CT26 tumors. More doxorubicin was seen 
in close vincinity to blood vessels, and the uptake of doxorubicin in cells decreased with distance from the 
blood vessel. Ongoing analyses investigate differences in uptake and microdistribution of doxoubicin in 
tumors treated with and without FUS+MB. 
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Introduction 
Radioembolisation is a treament option for liver cancer at an unresectable stage. In this treatment, 

radioactive microspheres are injected via a catheter into the hepatic arterial vasculature, which allows for 
local irradiation. In practice, results often show unpredicted underdosage of the targeted tumours and off-
site toxicity in healthy tissue1. A considerable limitation of the current procedure is the lack of real-time 
visualisation of the microspheres during treatment. To overcome this limitation, we propose a new treatment 
strategy that uses contrast microbubbles as inert microsphere precursors. This is based on earlier in-vitro 
experiments where similar particle trajectories were observed2. The quantitative analysis of microbubble 
presence at the target site can be performed by using dynamic contrast enhanced ultrasound (DCE-US) and 
time intensity curves (TICs). This technique enables the assessment of cathether locations for optimal 
targeting of a tumour. Furthermore, the saturation of a tumour by microsphere embolisation could be 
measured with TICs of microbubble injections before and after microsphere injections, which could enhance 
the quality of current dosimetry. A proof-of-concept of this novel radioembolisation treatment plan using 
DCE-US visualisation is presented in this work. 

Methods 
An in-house developed liver machine perfusion platform was used for normothermic ex vivo perfusion 

of a porcine liver. At the start of perfusion, a target location at one of the liver lobes was selected and a 9L4 
linear transducer (Siemens Acuson S2000, Siemens Healthineers, Erlangen, Germany) was fixed at this 
location. A microcatheter was inserted in the hepatic artery under X-ray guidance (ARTIS pheno, Siemens 
Healthineers, Erlangen, Germany). An overview of the complete setup is shown in Figure 1. Prior to the 
injection of non-irradiated holmium-165 microspheres (Quirem Medical B.V., Deventer, The Netherlands), 
BR-14 microbubbles (Bracco Suisse, Geneva, Switzerland) were injected at several catheter locations and 
analysed by a TIC analysis tool developed in-house. Real-time analysis was realised by feeding the 
ultrasound images directly into a Matlab (MathWorks, Natick, Massachusetts, United States) algorithm via 
a framegrabber. Based on the peak intensity values of the TIC analysis, the optimal catheter position was 
chosen for the microsphere injection. A successive microbubble injection was used to measure tissue 
saturation. The holmium-165 microsphere deposition was assessed by exploiting the paramagnetic 
properties of these microspheres using a T2

* multi-gradient MR scan after the experiment3.   

Results 
TICs of multiple microbubble injections were generated real-time and provided direct feedback about 

the influence of the catheter configuration. Peak intensities increased as the catheter was positioned closer 
to the target site. The feeding artery to this location was identified by DCE-US and the catheter was 
positioned close to this artery, resulting in the highest peak intensity. After injection of the microspheres, 
analysis of an additional microbubble injection showed a significant decrease in peak intensity. The MR 
scan showed a microsphere deposition in both the target lobe and a smaller adjacent lobe.  
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Conclusions 
The real-time feedback provided by TICs in our new approach enabled efficient optimization of the 

catheter position in targeting the designated area. A microsphere deposition was observed in the target lobe, 
which shows that DCE-US can provide real-time feedback during the experimental radioembolisation 
procedure. Microspheres were also deposited outside the target area in a smaller adjacent lobe, and further 
optimisation of the catheter position could have resulted in a deposition limited to the target area. The TIC 
signal intensity decrease after the microsphere injection could indicate that microbubbles can be used to 
measure tumour saturation.  

Figure 1. Overview of the experimental setup for development of the DCE-US radioembolisation protocol. 
From left to right: a) a display showing the analysed ultrasound data in TICs for multiple injection locations, 
b) an ACUSON S2000 ultrasound system showing both a contrast mode and a B-mode image, c) a perfused

porcine liver on top of the reservoir including a 9L4 ultrasound transducer, d) the in-house developed
perfusion apparatus for normothermic oxygenated blood perfusion of a porcine liver, e) X-ray images for 

microcatheter guidance using a digital subtraction angiography (DSA). 

Figure 2. TICs of the microbubbles at the target location for different catheter positions (pos.), including 
a post-holmium microbubble injection for tumour saturation analysis 
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Introduction 
The ability to precisely shape ultrasound fields has made it possible to remotely trigger responses in 

localized regions on demand, while benefiting from ultrasound’s unique characteristics compared to other 
methods of remote stimulation. For instance, ultrasound provides higher spatial resolution than magnetics, 
while propagating further than light through complex and opaque media [1]. Nevertheless, despite the 
benefits of ultrasound, there are few materials that can be triggered or controlled with ultrasound. In many 
examples, high-intensity ultrasound is required to release a payload from a carrier such as microbubbles [2], 
liposomes [3, 4], or phase-change droplets [5] using acoustic pressures on the order of MPa and frequencies 
of tens of kHz up to a few MHz [1,6]. However, the use of high-intensity ultrasound can lead to undesirable 
effects that limit its application in sensitive material or biological systems. In order to be useful in a wide 
range of contexts without inducing unwanted damage, there is therefore a need for ultrasound-responsive 
materials that respond to low intensity ultrasound, ideally in the range of 200 kPa or below. An additional 
challenge when using existing ultrasound-responsive systems is their release response. There is typically a 
narrow range of excitation pressures, above which the carrier is destroyed and the payload is released in a 
single event [2,7]. While such behavior might be desirable in some applications, e.g. for rapid delivery of a 
payload, there are other settings where more control is required. For instance, when the payload should be 
precisely dosed in response to real-time feedback [8], or when the payload needs to be slowly delivered over 
an extended period of time [9]. In this work, we identify Pickering-stabilized antibubbles as a new carrier 
for triggered release and show that they respond robustly to low-intensity ultrasound. Antibubbles consist 
of one [10-12] or more liquid droplets [13, 14] surrounded by a gas layer. Unlike microbubble-based 
carriers, which require specially-modified payloads that can be attached to the outer shell [15], the internal 
droplets in an antibubble can carry large volumes of payload without special preparation. Because of these 
benefits, antibubbles are a new class of ultrasound contrast agents that have recently been proposed for 
ultrasonic drug delivery [14]. Here we demonstrate, for the first time, that payload delivery via antibubbles 
can be triggered by low-intensity ultrasound with controllable temporal release profiles. We find that, unlike 
with existing carriers, it is possible to change the release behavior from single release to multiple-release by 
varying the composition of the antibubble. Our results open the door to designing tailored antibubble 
formulations for specific applications, making antibubbles a valuable and versatile component for the design 
of new low-intensity ultrasound-activated smart materials.  

As an application example we show that antibubbles in an ultrasound field can permeabilize cells to 
facilitate the uptake of drugs.     

Methods 
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Antibubbles are fabricated [14] by creating a water-in-oil-in-water (W/O/W) Pickering emulsion 
template with the desired payload dissolved in the inner water phase. The solvent is then extracted by freeze-
drying, creating a stable powder template with a very long shelf life. Before use, the antibubbles are re-
constituted from the powder in an aqueous solution of sodium chloride. Four different formulations were 
prepared by varying the size of the template and the composition of the outer shell, while keeping the inner 
cores the same for all formulations (see Table 1). The sizes are varied by homogenizing the W/O/W 
emulsion at either 7000 or 14000 rpm. The outer shell is varied by using two distinct types of commercially-
available fumed silica particles. One type (Aerosil 200) was predominantly hydrophilic, while the other 
(Aerosil R972) has a modified surface with carbon content of 0.6-1.2%, making it predominantly 
hydrophobic.  

To determine the response of antibubbles to ultrasound, we measured the change in fluorescence caused 
by the release of calcein after exposure to ultrasound. The experimental setup is shown in Figure 1a. 
Antibubbles were observed in a quartz spectroscopy cuvette that had an ultrasonic transducer bonded to one 
side of the cuvette. Fluorescence was measured by illuminating the sample with 460 nm light from a fiber-
coupled LED, and collecting the emitted light with a fiber-coupled spectrometer oriented 90◦ to the 
excitation fiber. The fluorescence intensity at 520 nm, corresponding to the calcein emission peak, was used 
as an indicator of antibubble bursting. 

To investigate the ability of cell permeabilization using antibubbles, antibubbles loaded with Dylight 
649 conjugated Tomato lectin were produced according to the procedure described above. These antibubbles 
were first exposed to mild acoustic exposure (750kHz, MI=0.4, bust-tone pulse 20x10000cycles) to 
permeabilize the bladder cancer cells and subsequently “collapsed” with a strong acoustic pulse of MI>2. 
Subsequently, the cells were either directly observed using fluorescence microscopy or the cells were first 
incubated with propidium iodide.  

 

Table 1. : Different antibubble formulations and their response to ultrasonic excitation at 1 MHz 

Shell composition Homogenization 
rate Size Release type Release threshold 

Hydrophilic 14000 rpm 34 ± 8 µm Single  <7 kPa 

Hydrophilic 7000 rpm 51 ± 13 µm Single  80 kPa 

Hydrophobic 14000 rpm 19 ± 5 µm Multi 40 kPa 

Hydrophobic 7000 rpm  58  17 µm None >250 kPa 

 

Results 
Antibubbles with hydrophilic outer shells demonstrate single-release behavior, with the release pressure 

dependent on the size (see Table 1). The larger (51 µm) hydrophilic antibubbles (Figure 1b) release calcein 
already at a low pressure of 88 kPa (equivalent intensity 258 mW cm−2 ), with fluorescence release 
increasing to saturation at 109 kPa. The smaller (34 µm) antibubbles (Figure 1c) demonstrated a similar 
release behavior, yet starting from a lower pressure below 7 kPa (equivalent intensity 2 mW cm−2 ), with 
the amount of calcein release increasing until 53 kPa, where the fluorescence signal saturates, indicating no 
further release from the core. These differences in the response indicate that by changing the size, the 
required acoustic pressure for release can be shifted. 

In contrast to the hydrophilic antibubbles, those with the hydrophobic shell demonstrate more varied 
size-dependent behavior in response to ultrasound. As shown in Figure 1d, the larger (58 µm) antibubbles 
do not release appreciable amounts of calcein after irradiation. The formulation with a smaller diameter (19 
µm), however, shows that above 49 kPa (equivalent intensity 80 mW cm−2 ) the fluorescence intensity 
increases linearly with each ultrasound pulse to at least 250 kPa (Figure 1e), indicating an ongoing release 
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process that does not saturate. To test this behavior further, we measured the calcein released by these small, 
hydrophobic antibubbles across multiple pulses at 70 kPa (Figure 1g). We find that even at a single 
excitation pressure, the antibubbles release small amounts of calcein after each pulse, reflecting a stepwise 
release process rather than a single one.  

Our results clearly demonstrate that the response of antibubbles to ultrasound is strongly dependent on 
outer shell composition and antibubble size. While the hydrophilic antibubbles release the core contents in 
a single bursting event upon ultrasound exposure, the hydrophobic antibubbles release less of their core 
contents per exposure, providing on-demand dosing of the payload. In both cases, the bubble sizes determine 
the pressure threshold, above which the antibubbles begin releasing their contents. This behavior, however 
also shows different trends depending on the shell composition. For the hydrophilic antibubbles, smaller 
bubbles exhibit a higher release threshold, while for the hydrophobic antibubbles, the larger bubbles do not 
exhibit any release behavior within the range of pressures investigated. These ressults indicate a more 
complex interplay between size and shell composition in determining the acoustic response of antibubbles 

Figure 1. Experimental setup and results for fluorescence measurements as a function of ultrasound 
exposure. (a) Antibubbles were loaded into a cuvette and exposed to ultrasound using an integrated 

transducer at 1 MHz. Fluorescence signals at 520 nm were measured using a fiber-coupled spectrometer, 
oriented perpendicular to the excitation light (460 nm). (b)-(e) The antibubble response to ultrasonic pressure 
depends on antibubble composition. The pressure response for (b) 51 µm hydrophobic antibubbles and (c) 34 

µm hydrophilic antibubbles both demonstrate a clear threshold behavior with fluorescence intensities 
saturating above the threshold. The response of (d) 58 µm and (e) 19 µm hydrophobic antibubbles show 

differing behaviors, with a low-intensity threshold only observable in the smaller antibubbles. (f) The 
hydrophilic antibubbles release all the fluorescence after a single ultrasound pulse, with no significant 

release after subsequent pulses at the same pressure (140 kPa). (g) The hydrophobic antibubbles release the 
core fluorescence incrementally across multiple pulses at the same pressure (70 kPa) 

Figure 2a shows an electron microscopy image of the antibubbles used to study cell permeabilization. 
The size of the antibubbles is around 5-10 µm. Figure 2b and 2c show fluorescence microscopy images of 
cell layers exposed to antibubbles and ultrasound. Cell permeabilisation is evidenced by propidium iodide 
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uptake into the cells (Figure 2b). By contrast, exposing the cells to ultrasound in the absence of antibubbles 
did not show this permeabilization effect (results not shown). Drug load release was observed by binding of 
TL-Dylight 649 to the cell membranes (Figure 2c) 

 
Figure 2. (a) Electron microscope image of antibubbles consisting of drug loaded cores encapsulated in 

a gas filled bubble. (b) Cell membrane bound TL-Dylight649 fluorescense after acoustic release of the 
Antibubble payload. (c) The fluorescense of the propidium iodine uptake into the cells evidences the 

permeabilisation of the cell membranes. 

 

Conclusions 
We have demonstrated that antibubbles respond to low-intensity ultrasound by releasing their payload 

in a controllable manner. By varying the antibubble size and composition, the release pressure can be tuned 
within the 10-100 kPa range, and different release profiles can be achieved. Hydrophilic antibubbles 
displayed a characteristically sharp pressure release threshold, and ejected the majority of the payload after 
a single ultrasound pulse. By contrast, the smaller hydrophobic antibubbles exhibited a unique stepwise 
release profile, making it possible to precisely dose the payload delivery over time. 

The ability to deliver payloads at low pressures, as well as the ability to tune the delivery profile between 
single and stepwise release, make antibubbles a unique carrier for payload delivery in diverse settings. As 
an application example we have shown that antibubbles in the presence of an ultrasound field can 
permeabilize cells in order to enhance the uptake of drugs.  
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Introduction  

While biomedical ultrasound (US) and intravascular microbubbles are clinically used for anatomical 
assessment (e.g. echocardiography), they are increasingly being recognized as tools for targeted therapies. 
The most established application of therapeutic potentiation of microbubbles is the reversible opening of 
the blood-brain-barrier for targeted cancer drug delivery into the brain, already in the clinical trial stage in 
North America and recently started being tested on pediatric patients in Canada. In parallel, the field of 
cellular immunotherapy has shown promise in the last few years for blood-borne cancers, but has met limited 
success in solid tumors due to the physiologically hostile tumor milieu and cancer-based immune evasion 
(e.g. the dampening of a Th1 response). Microbubbles have the potential to revolutionize targeted cellular 
immunotherapy, as they have been shown under conditions to make cells more permeable, locally deliver 
therapeutics, and modulate the immune microenvironment. However, the biophysical interactions between 
microbubbles and immune cells, particularly T cells, remain largely unexplored. The overall goal is to 
explore the effects of microbubble-mediated permeability and modulation of T cells. In this preliminary 
study, we start by investigating the acoustic conditions capable of increasing T cell permeability while 
preserving cellular viability. 

Methods 

Naïve Jurkat cells (Clone E6) were grown in RPMI supplemented with 10% FBS. Firstly, we tested T cell 
activation efficiency using two stimulants: i) anti-CD3/PMA and ii) anti-CD3/anti-CD28 (1 ug/mL; 
3ug/mL) to measure the secretion of IL-2. Next, cell suspensions were incubated with DefinityTM (38 ul into 
3 mL; Lantheus Medical Imaging, N. Billerica, MA, USA) and fluorescein dextran (10KDa; ThermoFisher, 
USA, CA), used here as a surrogate drug. Samples were treated in our custom US setup at 1 MHz for 1000 
cycles at a PRI of 5 ms over a range of acoustic peak-negative pressure (208-563 kPa). After washing to 
remove bubbles and excess dextran, samples were then incubated with propidium iodide (PI) as a marker 
for cell viability, and subsequently at least 10000 cells per sample were analysed using flow cytometry 
(FACS Melody; BD Biosciences, CA). T cells that exhibited a FITC+ PI- signal were considered reversibly 
and viably permeated, and we quantified the effectiveness ratio η for each treatment, defined here as ratio 
of the FITC+PI- population to the PI+ population. 

Results 

Our preliminary results indicate a stronger activation via anti-CD3/PMA versus anti-CD3/anti-CD28 
(p<0.0001), as expected. Further, we have demonstrated an increase in the number of viably sonoporated T 
cells (up to 41.0 ± 𝟔𝟔.𝟑𝟑%) with increasing acoustic pressure, along with a concurrent loss of overall viability 
(up to 16.2 ± 𝟕𝟕.𝟑𝟑 %; Fig 1). From this data, we estimate the effectiveness of this approach under these 
conditions to range from 𝟎𝟎.𝟑𝟑 ≤ 𝜼𝜼 ≤ 𝟒𝟒.𝟏𝟏, with a maximum value achieved at an acoustic peak-negative 
pressure of 416 kPa.  We will move forward with this treatment paradigm as it represented the condition in 
which delivery was most successful while minimizing T cell loss of viability. 
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Figure 1. Ultrasound-assisted delivery of an otherwise impermeable macromolecule to T cells. Data 
is represented as mean ± standard error of the mean at least n=4 samples.  

Conclusions 
We have demonstrated ultrasound-assisted T-cell delivery of a large macromolecule and its dependence 

on acoustic pressure. This preliminary dataset has implications on microbubble-mediated T cell 
immunomodulation, and is the subject of our future work.  
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Introduction 
Cellular immunotherapies are rapidly emerging as a promising approach for treatment of many diseases, 

including cancer and cardiovascular diseases. Non-viral methods for molecular delivery and transfection of 
T cells are currently in development to improve patient safety and reduce varability during manufacturing 
of immunotherapies. Ultrasound-mediated microbubble cavitation has been utilized as an effective non-viral 
approach to enhance intracellular delivery of biomolecules. However, most ultrasound-mediated molecular 
delivery studies have utilized static sample chambers, which have limited throughput and are generally not 
practical for cell therapy manufacturing processes. To address these limitations, we are developing novel 
acoustofluidic platforms to enable intracellular delivery of biomolecules as cells continuously pass through 
an ultrasound field in a 3D-printed flow chamber [1]. In this study, we assessed biological parameters that 
influence molecular delivery and transfection in human T cells. 

Methods 
Primary human T cells were isolated from whole blood donations collected from healthy donors 

following protocols approved by the institutional review board at the University of Louisville. Human Jurkat 
T cells were also tested for comparison. Cationic phospholipid-coated microbubbles were added to T cell 
solutions prior to ultrasound treatment in a static chamber or in a flow system [2]. B-mode ultrasound pulses 
were generated using a P4-1 probe on a Verasonics Vantage ultrasound system. Continuous flow 
acoustofluidic treatment was performed using 3D-printed plastic flow chambers. Molecular delivery, 
transfection efficiency, and cell viability were assessed using flow cytometry and confocal microscopy. 

Results 
Acoustofluidic treatment enhanced delivery of FITC-dextran and GFP plasmids to human T cells while 

maintaining viability, as indicated by flow cytometry measurements and confocal microscopy imaging. Our 
study revealed that cell cycle phase influences acoustofluidic molecular delivery efficiency to T cells, with 
higher delivery observed during the S phase compared to the G2/M phase (p<0.001) or G0/G1 phase 
(p<0.01). In addition, low cell plating densities (100,000 cells/mL) during cell culture enhanced molecular 
delivery compared to higher cell plating densities (p<0.001), even though all groups were resuspended at 
equal concentrations for acoustofluidic treatment. 

Conclusions 
This study provides new insights into biological parameters that influence ultrasound-mediated 

molecular delivery and transfection in human T cells using a novel 3D-printed plastic acoustofluidic device 
requiring only ~2-3 seconds of treatment time. These results demonstrate that acoustofluidic treatment with 
cationic microbubbles induces rapid uptake of biomolecules and enables transfection of DNA plasmids in 
human T cells. In addition, the results indicate that biological parameters such as cell cycle phase and initial 
cell plating density have implications on the efficiency of acoustofluidic-mediated molecular delivery. This 
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study demonstrates that acoustofluidic technology holds promise for improved non-viral transfection and 
manufacturing of human T cell therapies. 

Figure 1. Representative confocal microscopy image of human T cells after acoustofluidic-mediated 
delivery of 150 kDa FITC-dextran, demonstrating intracellular molecular delivery. Green stain = FITC-
dextran delivered into the cell via acoustofluidic treatment with cationic microbubbles, blue stain = DAPI 
(nuclei), red stain = DiD (cell and organelle membranes). Scale bar represents 5 µm. 
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Introduction  
In recent years, immunotherapy and in particular vaccination based on dendritic cells (DCs), has 

emerged as a promising therapeutic strategy for cancer treatment. These vaccines are mainly generated ex-
vivo from autologous DCs, which must be tailor-made for each patient. This process is complex and 
expensive, preventing the generalization of this immunotherapy. The in-vivo delivery of immunostimulatory 
molecules (i.e., tumor antigens, cytokines) could thus make it possible to circumvent the laborious and costly 
procedures encountered in the development of these vaccines. Among these molecules, interleukin-12 (IL-
12) is a very attractive molecule in oncology due to its ability to stimulate not only the adaptive immune 
system but also the innate immune system. Some clinical studies show that systemic administration of 
recombinant IL-12 induces serious side effects in patients with advanced melanoma while its local 
administration helps reduce these side effects maintaining its therapeutic efficacy [1]. Other studies advocate 
delivery of a plasmid encoding IL-12 (pIL-12) by electroporation. Although this strategy allows the effective 
regression of primary and advanced melanoma, electroporation remains an invasive method associated with 
local side effects [2]. In this context, this project therefore aims to design a therapeutic approach based on 
the local delivery of pIL-12 in mouse melanoma model using a noninvasive method, the microbubble-
assisted ultrasound (MB-assisted US) [3]. 

Methods 
In vitro experiments – The pIL-12 was designed with InvivoGene (Toulouse, France). This pDNA was 

prepared from transformed Escherichia coli using a Endofree plasmid purification system. Then, its quantity 
and quality were assessed using spectrophotometry and an agarose gel electrophoresis. A restriction map 
was produced to ensure the pIL-12 identity. Finally, pIL-12 (5 or 10 µg) was transfected into B16F10 
melanoma cells using MB-assisted US (1 MHz, 10 kHz PRF, 40% DC, 0.4 MPa, 30s; Vevo MicromarkersTM 
MB/cell ratio of 5). The secretion of IL-12 in the cell culture medium was assessed using an ELISA assay 
and the cell viability was evaluated using MTT assay 48 hours after gene delivery. 

In vivo experiments – In vivo, a plasmid encoding the luciferase reporter gene (pLuc) was used in order 
to design and to validate the gene delivery protocol. The pLuc (50 µg) was acoustically delivered MB-
assisted US (1 MHz, 10 kHz PRF, 40% DC, 0.4 MPa, 3 min; 2×106 MBs) in mouse melanoma model. The 
luciferase expression was measured using bioluminescence imaging 24 and 48 hours post-transfection. 
Using optimized protocol, pIL-12 (50 µg) was then delivered intratumorally and the therapeutic efficacy 
was evaluated by monitoring the tumor growth using B-mode US imaging. 

Results 
In vitro experiments – The pIL-12 was produced and purified with excellent quality (no contamination 

by bacterial genomic DNA and lipopolysaccharides) and with a high yield. The restriction mapping 
confirmed the pIL-12 identity. MB-assisted US significantly increased the production and the secretion of 
IL-12 in the cell medium compared to the incubation of cells with pIL-12 on its own (p<0.001). The delivery 
of 10 µg pIL-12 significanly increased the IL-12 concentration in the cell medium in comparison with a 
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dose of 5 µg (2352 ± 125 pmol/mL versus 1430 ± 45 pmol/mL; p<0.05). The acoustically-mediated pIL-12 
delivery slightly affected the cell viability compared to the control groups (80 ±  2 % versus 95 ± 5%).  

In-vivo experiments – The intratumoral injection of pLuc did not result in luciferase expression in the 
tumor tissue. However, the acoustically-mediated pLuc delivery significantly increased the luciferase 
expression in the tumor tissue 24 hours (6×105 ± 2×105 photons/sec) and 48 hours (4×105 ± 1×105 
photons/sec) later compared to the control group (4×104 ± 2×103 photons/sec ; p<0.001). No side effect was 
observed during and after the procedure of acoustically-mediated pLuc delivery. In addition, the delivery of 
pIL-12 using MB-assisted US induced a 2.5-fold decrease in tumor growth compared to the intratumoral 
pIL-12 administration alone (p<0.001). 

Conclusions 
MB-assisted US is a safe and efficient modality for the in-vivo delivery of immunostimulatory molecules 

(i.e., tumor antigens, cytokines) in cancer immunotherapy. 
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Introduction  
The permeabilization of the blood-brain barrier (BBB) through microbubbles stimulated by focused 

ultrasound (MB+FUS) has been widely adopted as a reversible and noninvasive technique to transport drugs 
into the brain. While significant attention has been paid to optimizing the BBB opening (BBBO) for drug 
delivery, less has been explored regarding the bioeffects following BBBO. One of the most significant 
discoveries up to this point has been the sterile inflammatory response (SIR), a local immune response that 
is stimulated upon BBBO[1]–[3]. Microbubbles (MBs) actuated by focused ultrasound offers a solution to 
the challenge of drug delivery by reversibly permeabilizing the BBB [4], [5]. Multiple studies have 
optimized parameters such as mechanical index (MI), microbubble volume dose (MVD), pulse repetition 
frequency (PRF), and sonication length in order to understand its effect on brain permeability [5], [6]. As a 
result, direct biological consequences warrant further investigation. Our study aims to understand the extent 
of the SIR by examining the two key acoustic and microbubble parameters: MI and MVD. Selecting a range 
of low to high MIs (0.2 - 0.6) and MVDs (0.1- 40 µL/kg), mice were sonicated in the right striatum, and 
brains were dissected 6 hours later for bulk RNA sequencing. By assessing the MI and MVD dose effects 
on BBBO and SIR, we were able to establish a “therapeutic window” for these parameters in mice.      

Methods 

Lipid films were prepared with a 90:10 ratio of lipid 1,2-disteraroyl-sn-glycero-3-phosphocholine 
(DSPC), purchased from Avanti Polar Lipids and a poly(oxy ethylene)40 stearate PEG40S (Cat: P3440-
250G, Sigma Aldrich) emulsifier. Lipid films were hydrated and diluted to a final concentration of 2 mg/mL. 
Afterwards, films were homogenized using a 20 kHz probe on a low power setting (Model 250A, Branson 
Ultrasonics; Danbury, CT) and once cooled re-sonicated with perfluorobutane (PFB, FluoroMed TX) to 
produce polydisperse microbubbles. Microbubbles were then differentially centrifuged to obtain a 3-µm 
volume-weighted diameter [7]. CD-1 ISG mice were imaged with a Bruker Biospec 9.4 Tesla MR scanner 
(Bruker, Billerica, MA). Anesthesia was given to animals receiving FUS treatment and MRI images were 
acquired for targeting in the right striatum (T1w fast spin echo RARE and T2-turboRARE). Before FUS, 
mice were retro-orbitally co-injected with monodispersed microbubbles (0.1-40 µL/kg) and a gadolinium-
based contrast agent, MultiHance at 0.2 mmol/kg (Bracco, Princeton, NJ). Focused ultrasound parameters 
were as follows: 10-ms pulse length, 1.0-Hz pulse repetition frequency, 300-s treatment time, and a range 
of peak negative pressures (0.246, 0.492 or 0.738 MPa derated in situ). Six hours post FUS treatment brain 
samples were dissected out and RNA was extracted using the RNAeasy kit (Cat: 74004, Qiagen) per the 
manufacturer’s instructions. Post sequencing, FASTQ files were analyzed on Pluto (https://pluto.bio) where 
differential gene expression (DEG) was performed between the control isoflurane group versus FUS-treated 
animals. From this, a Gene Set Enrichment Analysis (GSEA) was performed comparing the log2 fold 
changes from the DEG results to rank genes.  

Results 
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DEGs for all 12 conditions were analyzed through GSEA using the hallmark pathways covering the 50 
most essential biological pathways. The 12 most significantly enriched pathways were all related to 
inflammatory processes with highest enriched pathway being TNFα signalling and the lowest IL2 STAT5 
signalling (Figure 1). These trends are more prevalent in the 0.6 MI and 40 MVD doses versus the lower 
groups. Significant correlations were observed between BBBO parameters and RNA expression. Gene Set 
Enrichment of Hallamrk Pathways.  

Figure 1. Gene Set Enrichment of Hallamrk Pathways. (A) A dot plot of the 12 most significant pathways 
out of the 50 hallmark pathways ranked based on significance. Dots indicate adjusted p-value scores while 
color indicates NES (Red = high NES, Blue = low NES).  

 

Figure 2A displays the window of BBBO where the red areas indicate conditions capable of inducing 
significant BBBO while blue is considered insignificant BBBO. As the MVD and MI increased, so did the 
area in which opening was detected and contrast enhancement was increased. With this window of BBBO 
determined, we combined our data from the RNA sequencing and determined three classes of SIR (Fig. 3B): 
class I being only the activation of TNFɑ signalling via NFκB (NES >1.65), class II being the significant 
enrichment of TNFɑ signalling via NFκB and Inflammatory response (NES >1.65), and class III being the 
activation of TNFɑ signalling via NFκB, Inflammatory response and Apoptosis (NES >1.65).  

 

Figure 2. Establishing the Therapeautic Window Between BBBO and the Sterile Inflammatory Response. 
(A) A dot plot representing the window of BBBO where size of the circle indicates volume of BBBO and  
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color indicates level of contrast enhancement. Regions in red indicate where significant BBBO has been 
achieved while blue indicates insignificant BBBO. (B) Our classifications of SIR were categorized into 3 
groups where each circle represents a classification. (C) In the three classes, areas in purple are where no 
BBBO or SIR occurs, light blue as SIR only, green as only BBBO and pink as regions where both BBBO 
and SIR are occuring.  

 

Combining our classification of SIR with our window of BBBO, we were able to define three therapeutic 
windows (Figure 2C). With purple indicating neither BBBO nor SIR, both blue and pink regions highlight 
regions where BBBO is occurring, however, SIR is only observed in the pink regions which correlate to 
regions where the MI and MVD are higher. It is important to note that the only instance where SIR occurs 
without significant BBBO is in class I indicated by the region in light blue. These regions shift between the 
classes where the therapeutic window, which we define, is where successful BBBO is achieved without SIR 
and is illustrated in green. In class I, the therapeutic window is seen to only encompass two conditions (10 
MVD + 0.2 MI and 1 MVD + 0.4 MI), whereas in class II, due to the addition of significant enrichment in 
an inflammatory response, the therapeutic window widens to include 40 MVD + 0.2 MI. Finally, in our 
most stringent definition of SIR, the therapeutic window has now 5 candidates and conditions to operate 
within if BBBO is to be achieved without significant cellular damage (40 MVD + 0.2 MI, 10 MVD + 0.2 
MI, 10 MVD + 0.4 MI, 1 MVD + 0.4 MI, 1 MVD + 0.6 MI). 

Conclusions 
Overall, the study demonstrated that MI and MVD crucial roles in BBBO. RNA sequencing results from 

all 12 conditions testing low to high MI and MVD granted insight into the transcriptomic changes occurring 
with major upregulated pathways being related to inflammation and damage. With this data, three 
classifications of SIR were able to be defined, offering multiple windows and conditions to operate within 
based on experimental specifications and approaches. In conclusion, we have proposed 3 therapeutic 
windows for optimal BBBO which hopefully address important concerns regarding the safety and 
effectiveness of focused ultrasound-mediated drug delivery to the brain. 
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Introduction 
Pancreatic ductal adenocarcinoma (PDAC) is 3% of cancers diagnosed in the United States with 64,050 

new cases expected in 2023, but it is the fourth leading cause of cancer-related deaths in both men and 
women with 50,550 expected deaths in 2023 [1]. Five year survival rates have climbed to around 12%, but 
improvement in survival for PDAC patients over the past 30+ years have been very slow; especially for 
patients with metastatic disease [1-3]. One of the reasons that the mortality rate nearly parallels the incidence 
is that only 15 to 20% of patients are considered resectable at the time of diagnosis, while the remaining 
have locally advanced and surgically unresectable PDAC or PDAC with metastatic disease [2-6]. Despite 
the “curative” intent of treatment for those patients who present with surgically amenable PDAC and 
undergo resection followed by adjuvant systemic therapy (with or without radiation) their median overall 
survival is around 15.5 to 24 months [4]. The five year overall survival for these resected patients is 25 to 
30% for those with lymph node negative disease and only 10% in patients with lymph node positive disease. 
Hence, there is an urgent clinical need to improve chemotherapy delivery to PDAC and, thus, improve 
outcomes for these patients. 

The dense desmoplastic stroma surrounding PDAC combined with their poor blood supply make these 
cancers notoriously unresponsive to chemotherapy [6]. Nonetheless, the angiogenic vasculature is sufficient 
to produce marked signal enhancement when imaged with contrast enhanced ultrasound (CEUS) [5-8]. 
CEUS relies on the IV administration of gas-filled microbubbles in the 1-10 µm size range as ultrasound 
contrast agents (UCAs) [9]. Imaging UCAs a sufficiently high acoustic pressures (typically > 200 kPa) have 
the potential to temporarily alter vascular structures through radiation force, shock waves, microstreaming 
(including liquid jets) and the activation of various intracellular signaling responses in a process known as 
sonoporation[10, 11]. Thus, sonoporation will briefly (on the order of 24 hours) increase the local vascular 
permeability, allowing more chemotherapy drugs to extravasate into the targeted PDAC. 

Our group conducted a Phase I clinical trial aimed at augmenting standard of care chemotherapy 
efficacy for PDAC, which led to significant improvements in 10 patients receiving sonoporation treatment 
compared to 63 historical controls [4, 5]. The results included tumor regression in 50% of the patients and 
a significant increase in median overall survival from 8.9 months in the controls to 17.6 months (p = 0.011) 
[4, 5]. Subsequently, we used xenograft mouse models of PDAC to investigate sonoporation with all four 
clinically-approved UCAs and two ultrasound regimens to identify the ideal parameters to increase 
therapeutic efficacy [12]. Treatment with high power utilizing Sonazoid (GE HealthCare, Oslo, Norway) as 
the UCA most consistently caused an increase in permeabilization across different experiments [12].  

Hence, our group has initiated a Phase II clinical trial of sonoporation treatment of PDAC (i.e., standard 
of care chemotherapy augmented with CEUS and Sonazoid microbubbles). The objective of this study was 
to perform an interim analysis of this ongoing Phase II clinical trial. 

Materials and Methods 
Subjects are eligible to be enrolled in this ongoing, prospective, multi-center, Phase II clinical trial, if 

they are patients with PDAC (stage 2 or higher) and are scheduled to start standard of care chemotherapy 
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treatment. The total enrolment goal is 120 subjects randomly assigned to one of two equally large groups 
(i.e., 60 subjects per group) receiving either standard of care chemotherapy or chemotherapy followed by 
sonoporation. The two standard of care chemotherapy regimens for treating PDAC are FOLFIRINOX 
(prescribed in about 80% of patients) and Gemcitabine/Nab-Paclitaxel (given to the remaining 
approximately 20% of cases) [2-4]. The choice of chemotherapy treatment will be decided independently 
by the clinical oncology teams at the respective sites.  

The study has been approved by the participating Universities’ Institutional Review Boards as well as 
the United States Food and Drug administration (IND no. 153,874). The full protocol and statistical analysis 
plan are available at https://clinicaltrials.gov/ct2/show/NCT04821284 (trial registration number: 
NCT04821284). The primary objective is to evaluate the safety and therapeutic efficacy of sonoporation on 
PDAC treatment based on local progression-free and overall survival (PFS and OS, respectively). 

The sonoporation treatment consisted of 20 minutes of ultrasound imaging sweeping slowly through a 
single primary PDAC tumor (Figure 1) using a modified Logiq E10 ultrasound scanner (GE HealthCare, 
Waukesha, WI, USA) with a C1-6 probe transmitting 20 µs pulses at 2.0 MHz during infusion of Sonazoid 
(rate: 0.18 mL/kg hour). The choice of acoustic settings for sonoporation of PDAC as well as the use of 
Sonazoid were based on our prior animal studies [12]. Treatment followed the timeline and guidelines of 
the standard of care chemotherapeutic regimen for PDAC, with sonoporation performed immediately 
following each administration of chemotherapy (when the concentration of drugs was maximum).  

For statistical analyses Wilcoxon rank sum tests, unpaired two-way t-tests and Cox survival curves with 
log-rank tests were employed to compare the groups with and without sonoporation. Tests were performed 
using Stata 15.1 (StataCorp, College Station, TX, USA) with p-values less than 0.05 indicating statistical 
significance. 
 

Figure 1: Example of dual-imaging B-mode and CEUS of a PDAC (arrows) during sonoporation with a 
few microbubbles seen within the tumor (arrowheads).  

 

Results 
To date, 45 out of 120 subjects (37.5%) have been enrolled, since this clinical trial opened for enrolment 

on December 3rd, 2021. The mean age of the subjects was 63 years (range: 28 - 84 years) and 22 (48.9% of 
the 45) were randomized to the sonoporation group, while 17 (or 37.7% out of 45) were allocated to the 
control group (6 subjects or 13.3% out of the total 45 were considered screen fails). 

Neither the PFS nor the OS survival curves showed any significant differences between groups with 
and without sonoporation augmentation (p > 0.58), but it should be noted that only 20 and 13 subjects, 
respectively, have reached the PFS and OS end-points at this early stage. Interim results showed 
improvements with sonoporation in median PFS (132 days vs 111 days) and in median OS (208 days vs 181 
days), while the number of chemotherapy cycles delivered, time on study and CA19-9 levels showed no or 
very limited improvements (cf., Table 1). None of these differences were statistically significant (p > 0.34). 
No adverse events were considered related to the administration of Sonazoid (i.e., related to sonoporation), 
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but we encountered 22 serious adverse events (grade 3 or higher; 10 in the chemotherapy group and 12 in 
the chemotherapy with sonoporation group). All serious adverse events were grade 3; except one grade 4 
and two grade 5 events in two of the control subjects receiving standard of care chemotherapy only (p = 
0.047). 

 
 

Table 1: Interim comparison of sonoporation and chemotherapy versus chemotherapy alone groups. 

(median values) Sonoporation Controls 

No of chemotherapy cycles 6 7 

Study duration (days) 105 98 

PFS (days) 132 111 

OS (days) 208 181 

Δ CA19-9 (U/mL) -1.0 0.0 

 

Conclusions 
An interim analysis of an ongoing, multi-center, Phase II clinical trial evaluating sonoporation treatment 

of PDAC (i.e., standard of care chemotherapy augmented with CEUS and microbubbles) has been 
conducted. Results showed almost a 20% improvement in median PFS and OS; albeit not statistically 
significant. There was a statistically significant difference between groups with and without sonoporation 
with respect to serious adverse even rates, but as no adverse events were associated with the sonoporation 
treatment this result is probably due to variation in the underlying disease. Nonetheless, these initial results 
are encouraging and suggest that sonoporation treatment of PDAC may improve patient care by increasing 
the PDAC response to standard of care chemotherapy. 
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Introduction  
Ultrasound and microbubbles (USMB)-mediated therapies are currently being explored in both 

cardiovascular  and oncological fields. Leveraging the intravascular nature of microbubbles, these therapies 
involve strategies such as modulating vessel permeability or inducing sonoporation of individual endothelial 
cells. In-depth studies regarding the physical interactions of microbubbles and blood vessels have taken 
place in a range of vessels (e.g. mesenteric vessels [1], [2], the aorta [3], [4], and in chorioallantoic 
membrane vessels [5]). In this context, we have developed a novel system to study the bioeffects of USMB 
within a pressurized, viable and physiologically intact mesenteric artery. In the present study, we explore 
the effect of microbubble flow rate on the efficiency of sonoporation. 

Methods 
Third order mesenteric arteries were isolated from healthy male and female Sprague-Dawley rats 

(Charles River Laboratories, Senneville, QC, Canada) in accordance to Concordia University’s Animal 
Research Ethics Committee. Excess tissues were carefully cleaned from the vessels and cannulated to a 
pressure myograph (Living Systems Intrumentation, Fairfax, VT, USA). The vessels were then maintained 
at 60 mmHg and 37°C in Krebs-Hepes buffer. To confirm vessel viability from our handling, the vessels 
were subjected to increasing phenylephrine (Sigma-Aldrich, St-Louis, MO, USA) concentrations, an 
adrenergic agonist, to induce vasoconstriction, and vasodilation was achieved by removing the 
phenylephrine solution to ensure proper vasoreactivity. Vessel diameters were analysed on MATLAB 
(Mathworks, Natick, MA, USA).  

The pressurized vessels were then treated with USMB at 2.25 MHz, 150 kPa, PRI of 1 ms and 500 or 
250 cycles (duty cycles (DC) of 22.2% or 11.1%, respectively). DefinityTM (Lantheus Medical Imaging, N. 
Billerica, MA, USA) microbubbles were perfused intralumenally at constant flow rates of 0.83 cm/s, 1.47 
cm/s or 1.89 cm/s, assuming a maximum average vessel diameter of 391 µm (n=10). To quantify 
sonoporation, the vessels were incubated in propidium iodide (PI; 150 nM; Sigma-Aldrich), and frames 
spanning the entire vessel were recorded with a Basler Ace 2 camera (Basler, Ahrensburg, Germany) before 
and after USMB treatments on a Leica microscope equipped with an X-CiteTM (Excelitas Technologies, 
Waltham, MA, USA) light source for fluorescence microscopy. Controls were exposed to the same 
ultrasound parameters without microbubbles. The number of PI-positive cells was quantified through 
MATLAB (Mathworks). Finally, a subset of data were subjected to a vessel viability assay post USMB 
treatment. 

Results 
All of the vessels studied achieved at least a 60% vasoconstriction capacity following 10-5 M 

phenylephrine incubation, and promptly returned to at least 90% of their maximum vessel diameter after 
phenylephrine removal (n≥4 for each group). This indicates that our isolation methodology and handling 
ensures viable arteries. Our sonoporation results indicate that at higher intralumenal flow rates and duty 
cycles, we observe a higher number of PI-positive cells, which is in line with our previous in vitro work [6]. 
Specifically, under the stronger US condition (DC of 22.2%), we confirmed that the ratio of PI-positive cells 
increased with increasing flow rate; from 2.6 (n=4, p<0.05) to 2.8 (n=4, p=0.001), to 6.0 (n=3, p<0.001) 
compared to the controls at flow rates of 0.83 cm/s, 1.47 cm/s and 1.89 cm/s respectively. A similar trend 
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was observed at the lower DC setting, where the proportion of PI-positive cells increased from 1.98 (n=3, 
p<0.001), to 2.15 (n=3, p=0.002), to 2.39 (n=3, p<0.001) with increasing flow rate. The latter treatment 
regime also resulted in an adequate vessel response to vasoconstriction, confirming vessel viability post 
treatment.  

By comparing the fold change in sonoporation between the two USMB conditions at a given flow rate, 
we noted interesting observations. Specifically, at the slower flow rates (0.83 cm/s and 1.47 cm/s), the 
harsher USMB condition elicited a 1.3x increase in sonoporation, whereas at the higher flow rate (1.89 cm/s) 
this resulted in a 2.5x increase. The noticeable increase in the PI-positive cells under the 22.2% DC treatment 
regime at a flow rate of 1.89 cm/s may be indicative of vessel damage. 

Conclusions 
We have shown that microbubble flow rate is an important factor in the sonoporation efficiency within 

an individual physiologically intact vessel. This data has implications in the broader success of USMB 
therapies within different disease contexts. 
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Introduction and Purpose 
Immune checkpoint therapies (ICT) have had high success rates in cancer patients [1,2]. However, such therapies 

only succeed in less than 20% of solid tumors. Programmed death-1 ligand (PD-L1) as an immunosuppressive marker 
on tumors and their endothelial cells (ECs) is a proposed potent biomarker for predicting therapy response; however, 
characterizing PD-L1 is currently only possible via invasive biopsies [3]. Our group is developing non-invasive 
contrast-enhanced ultrasound molecular imaging (CEUMI) methods to monitor the expression of immune markers in 
the context of ICT [4]. This work presents pilot results demonstrating that the immunosuppressive PD-L1 marker can 
be imaged longitudinally with CEUMI.  

Methods 
In this work, we aimed to develop a PD-L1-targeted contrast agent to demonstrate CEUMI for longitudinal imaging 

and precisely measuring vasculature PD-L1 on ECs. For this reason, we first evaluated the expression of PD-L1 in vivo 
using ECs of murine tumors exposed to immune modulators such as IFN-γ by immunostaining. We then confirmed the 
expression of PD-L1 on ECs of the syngeneic murine colorectal cancer model in immunocompetent mice. We used 
commercially available target-ready MBs (Vevo MicroMarker target-ready contrast agent kit; VisualSonics Inc, 
Toronto, ON) and targeted them with anti-PD-L1 antibody (MBTarg) for CEUMI of vascular PD-L1. To ensure the 
binding specificity of MBTarg to PD-L1, we also used Isotype MBs (MBiso). We first assessed the binding specificity of 
MBTarg to PD-L1 expressed on tumor-specific ECs using a CT-26 mouse flank tumor model (Fig. 1A). We imaged 
baseline expression of EC-specific PD-L1 in Balb/C mice (n=9) bearing CT-26 tumors using MBTarg and MBiso 

(intravein injection) with a pre-clinical Vevo2100 system using an M250 transducer (Fig. 1B). Furthermore, we 
modulated the expression of PD-L1 using anti-PD-L1 antibodies (block) or interferon-γ (IFN-γ) (promote) in vivo (Fig. 
1C) and longitudinally imaged for the expression of PD-L1 using MBTarg. We examined whether CEUMI could capture 
longitudinal changes in PD-L1 expression on ECs upon exposure of tumors to immune modulators (IFN-γ to increase 
expression and anti-PDL1 to decrease). The signals were quantified by calculating the differential targeted enhancement 
(dTE) values and correlated the results with the treatment conditions. We also aimed to predict the PD-L1 treatment 
response using CEUMI of endothelial PD-L1 to eliminate the need for other painful methods for the first time by 
imaging endothelial PD-L1 CEUMI. We imaged 25 mice (having CT-26 tumor cell line) before starting the treatment 
(pre-treatment imaging). Post-treatment images were recorded after administering three doses of anti-PD-L1 antibodies 
(10 mg/kg) and measuring the tumor volumes every three days. After categorizing the treatment response based on the 
tumor growth rate of treated and non-treated mice, we related the treatment response to the dTE values of the pre-
treatment imaging. 

Results 
CEUMI of tumor using PD-L1 targeted MBs showed a significant increase in dTE (7.4 a.u.) compared to that of 

MBiso (2.7 a.u.) (Fig. 1D). In addition, CEUMI of MBTarg demonstrated significant higher PD-L1 expression in the ECs 
of tumors upon treatment using IFN-γ, resulting in a higher dTE value (1.15 ± 0.14). At the same time, the anti-PD-
L1 antibody-treated group showed a significantly lower dTE value (0.55 ± 0.21) (p= 0.0017) (Fig. 1E). Our results 
suggest that MBTarg can image absolute and longitudinal changes in PD-L1 expression exclusively on ECs using 
CEUMI. To differentiate the response in treatment, we normalized the tumor growth to their initial tumor size for both 
treated and non-treated mice. Then, we grouped them based on the resemblance in growth behavior to the non-treated 
mice. We then realized that increasing dTE values (because of higher expression of PD-L1) weakened the response to 
the treatment. Therefore, we divided the treated mice into responders and non-responders, in which the growth rate of 
the non-responder group was close to that of the non-treated group. Finally, we have also investigated whether the 
response to PD-L1 can be stratified in these immunocompetent mice and found evidence of a trend where mice having 
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higher expression of PD-L1 pre-therapy are less likely to respond to therapy. Based on the results, the average dTE of 
the responder group was 4.3±3.7 while that of non-responders was 9.1±6.0  

Conclusions 
This work proved that the expression of PD-L1 on murine tumor vascular ECs can be measured using CEUMI. 

The enhanced binding of PD-L1-MBTarg to the expressed PD-L1 in the vascular ECs (bound to vasculature PD-L1) 
achieved a higher contrast signal than those recorded from isotype MBs (MBiso). More contrast signals were observed 
when the mice were treated with IFN-γ than in the anti-PD-L1 antibody-treated group. These results can help guide the 
development of clinically relevant MBs for imaging EC-specific PD-L1 expression in the tumor vasculature and 
ultimately provide decision-support to clinicians managing patients receiving ICT therapy. We also found that we can 
predict the PD-L1 treatment response using CEUMI of endothelial PD-L1. Studies of other immune diseases like 
multiple sclerosis and other autoimmune diseases such as Type I diabetes might also be possibly studied through this 
imaging technique, given the reported role of immunosuppressive markers on these diseases.  

Figure 1. (A) Schematic illustration showing 
the CEUMI  of EC-specific PD-L1 
expression using MBTarg; (B) B-mode and 
contrast images of CT26 tumors using 
MBTarg and MBiso. A destructive pulse was 
applied 6 minutes after the bolus injection of 
each microbubble to acquire images to 
calculate the differential targeted 
enhancement (dTE); (C) Pictorial 
representation showing the expression of PD-
L1 on vascular endothelial cells and the 
associated inhibition on T cell infiltration 
into the tumor tissues. Therefore, blockage of 
PD-L1 using anti-PD-L1 monoclonal 
antibodies allows infiltration of T cells into 
the tumor for cell-mediated antitumor effect; 
(D) CEUMI  comparing the specificity of 
PD-L1 expression in the ECs using MBTarg 
and MBiso before and after anti-PD-L1 
antibody and IFN-γ treatment. The colored-

scale images show the dTE signal on the tumor region. Top: CEUMI  images of animals treated using anti-PD-L1 antibody and 
bottom: CEUMI  images of animals treated with IFN-γ. MBiso (left column) and MBTarg (middle column), treated mice (right 
column); and (E) Quantitative graph showing the normalized dTE values for PD-L1 markers imaged in pre- and post-treated mice 
that received IFN-γ and anti-PD-L1 antibody. The PD-L1 dTE in pre and post-treatment were normalized by taking the ratio of PD-
L1 to isotype dTEs. The final ratio shown in the plot is the post-to-pre-treatment comparison (i.e., post-treatment normalized 
dTE/pre-treatment normalized dTE). The control group was left untreated. The IFN-γ treated group received three doses of 50 μg 
IFN-γ injected via the tail vein every 24 hours. The PD-L1 blocked group received two doses of 250 μg anti-PD-L1 antibody every 
24 hours before being imaged. ** p < 0.01. 
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Introduction 
Intraplaque neovascularisation is an active biomarker of vulnerable carotid plaques, which can predict 

the occurrence of stroke independent of the stenosis degree. Ultrasound localization microscopy (ULM) 
represents a cutting-edge technique that capitalizes on the imaging potential of microbubbles via contrast-
enhanced ultrasound (CEUS). Here, we aimed to perform vasa vasorum ULM of the carotid plaque and 
demonstrate that ULM can provide quantitative imaging markers to identify the symptomatic carotid plaque. 

Methods 
Based on clinical manifestations or the detection of acute/subacute strokes via head MRI/CT scans within a two-

week frame, patients were stratified into symptomatic and asymptomatic cohorts. Offline-saved carotid plaque CEUS 
recordings were scrutinized, with plaques meticulously delineated. A curated subset of 300 frames, characterized by 
minimal pulsation, was earmarked for in-depth analysis. The data processing phase entailed the discernment of 
microbubbles from tissue signals utilizing singular value decomposition techniques and point spread function of the 
system. Each optimized frame underwent ULM to localize and chronicle microbubble movement. Sequential 
microbubble trajectories were consolidated, enabling an overarching view across the entire data spectrum. The finale 
involved a rigorous juxtaposition of ULM-derived metrics across symptomatic and asymptomatic clusters, zeroing in 
on parameters like microbubble count, track count, and microbubble path. 

Table 1. Patients' characteristics and parameters measured by ultrasound. 

Name Symptomatic (n=34) Asymptomatic (n=24) p-value 

Age (year)  65 [62–67] 71 [65–75] 0.034 

Gender (men) 23 (67.6) 21 (87.5) 0.121 

Smoking 17 (50.0) 14 (58.3) 0.599 

Hypertension 25 (73.5) 20 (83.3) 0.526 

Hyperlipidemia 2 (5.8) 2 (8.3) 1 

Diabetes mellitus 12 (35.3) 7 (29.2) 0.778 

Body mass index (kg/m2) 24.1 [21.9–25.4] 22.9 [21.3–24.3] 0.136 

C-reactive protein (mg/L) 1.2 [1–4.5] 2.1 [1–4.9] 0.427 

Investigated wall area (mm2) 25.3 [19.4–31.6] 25 [20.5–30.8] 0.636 

Microbubbles (n) per second per mm2 4.96 [4.15–5.86] 1.2 [0.54–2.11] < 0.001 

Tracks (n) per second per mm2 0.36 [0.31–0.42] 0.08 [0.05–0.1] < 0.001 

Microbubble path (mm) per second per mm2 0.74 [0.34–1.17] 0.16 [0.09–0.22] < 0.001 
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Results 
The cohort comprised 58 individuals diagnosed with carotid plaques, of which 34 were symptomatic, 

and 24 were asymptomatic. Among them, 44 (75.9%) were male, with age of 68.75 ± 6.21 years. 
Symptomatic plaques (n = 34) manifested a median microbubble count per second per mm2 of 4.96 [4.15–
5.86], track count per second per mm2 0.36 [0.31–0.42] and a microbubble path per second per mm2 21 
[13–37] mm (Table 1). In stark contrast, asymptomatic plaques (n = 24) registered a microbubble count of 
1.2 [0.54–2.11], track count 0.08 [0.05–0.1], and a microbubble path 0.16 [0.09–0.22] mm. The variance 
in ULM metrics between the cohorts bore statistical significance, evidenced by P-values < 0.05, 
underscoring the distinct ultrastructural attributes of symptomatic versus asymptomatic plaques.  

Conclusions 
ULM enables in vivo visualization of intraplaque neovascularization, distinguishing symptomatic 

carotid plaques with diagnostic relevance, yet requires motion compensation for improved results. 

 
Figure 1. Summary diagram of the processing method. 
Figure 2. Detected microbubbles over frame (A) in a case. Distribution of track length (B), track velocity 

(C), tortuosity (D) within the symptomatic carotid plaque patients. 
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Introduction 
Ultrasound Targeted Microbubble Cavitation (UTMC) can induce a localized provascular response that 

can improve cancer radiotherapy [1]. Indeed, UTMC has been shown to trigger directly and indirectly [2] 
the Nitric Oxide (NO) pathways, which can lead to a localized vasodilation response [3]-[5].  

The role of extracellular Adenosine-5’-Triphosphate (eATP) has been underlined in vascular tone 
regulation via the activation of the purinergic pathways [6], [7]. Indeed, the activation of the purinergic 
pathways leads to NO production in endothelial cells, making eATP a critical molecule involved in 
vasodilation. UTMC has been shown to cause eATP release via lytic and non-lytic paths [2], [8]-[10]. 

In the present study, we are interested in observing and quantifying the eATP release at the cellular scale 
to better understand the mechanisms of vasodilation in vivo. We propose a method to quantify eATP release 
kinetics by single cells, classified as sonoporated or dead cells, following UTMC in vitro using microscopy 
techniques.  

Methods 
Microfluidic model and cell culture. HUVEC cells were grown on the ceiling of PDMS microfluidic 

chips. We designed the microfluidic chip with three parallele rectilinear square-section channels (600 μm x 
600 μm x 2 cm). The dimensions were chosen to fall inside the -6dB area of our therapy transducer. Cells 
were seeded (500 cells/mm^2) in chips previously coated with fibronectin (100 μg/mL; 1h; room 
temperature). The chips were flipped upside down and incubated for 28 h (37°C; 5% CO2) to allow cell 
sedimentation and attachment on their ceiling.  

Luciferin-Luciferase bioluminescent assay. eATP was measured in real-time with a bioluminescent 
Luciferin-Luciferase (LL) assay. Immediately before the experiment, a microbubble solution (Definity™, 
final concentration of 10^7 MB/mL in RPMI phenol red free) was mixed at equal volume (25 μL each) with 
an isotonically adjusted Luciferin-Luciferase (isotonic LL) solution (Millipore-Sigma commercial kit, cat: 
FLAAM). The MB-LL solution was supplemented with Propidium Iodide (PI; 25 μg/mL final 
concentration) to be able to track sonoporation and cell death. This solution was injected into the chip before 
UTMC.  

Ultrasound set up. The ultrasound probe (A303S-SU, 1MHz, 0.5 Inch, Olympus) was positioned above 
the chip, 2.7 cm away from the channels with an angle of 60° with the chip. A single ultrasound pulse was 
applied at a pressure of 300kPa and a pulse length varying between 10, 100, and 1000 cycles (Fig. 1B).  

eATP release imaging and quantification. The bioluminescence signal of eATP was captured with an 
EMCCD detector camera (Evolve 512, Teledyne Photometrics, Tucson, AZ, 512 x 512 pixels, 13 μm pixel 
size). A standard c-mount lens was mounted on the camera objective, to achieve a magnification of 0.33, 
allowing a field of view of 20mm x 20mm. The bioluminescence signal was acquired for 5 min with a frame 
rate of 0.5fps (1s interval between frames plus 1s signal integration). A binning of 2 x 2 was applied to 
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ensure an optimal signal which leads to a final resolution of 78 x 78 μm2 per pixel. The signal was quantified 
with the method described by Tan et. al., 2019 [11]. The quantification was normalized by measuring the 
enzyme activity on the day of the experiment to take into account the decay of the enzyme with time.  

Fluorescence microscopy. A PI scan of the chips was done before and 5 min after the pulse with a 
fluorescent microscope equipped with a 2-axis computer-driven stage. In the end, a viability assay was done 
with calcein-AM (4 µg/mL in HBSS; 30min; 37°C; 5% CO2), and a Calcein-AM/PI scan was done. 

Cell classification. PI, Calcein-AM, and eATP images were processed with an in-house Matlab® 
program. This program is able to classify cells into “sonoporated cell” vs “dead cell” categories based on 
calcein-AM/PI colocalization and PI intensity. As the EMCCD camera resolution is 30.2 times coarser than 
the fluorescence image camera (2,58 µm x 2,58 µm per pixel), a bicubic interpolation of the eATP images 
was done to make the resolution of the eATP image and the fluorescence images consistent.  

Isolated cell analysis. We first analyzed isolated cells, i.e. cells with an eATP signal “cloud” that did 
not merge with other eATP clouds during the entire image sequence. A circular ROI of radius 300 μm was 
drawn on the eATP signal image which encompassed the entire cloud. The parameters taken into account 
are: 

• Total eATP release per cell (mol) (Fig. 1A). 
• The eATP time to peak (s) for every cell, ie. the time between the pulse and the total eATP 

release (Fig. 1A). 
• eATP release rate (mol/s) for every cell, ie. the difference of the summation of eATP signal in 

an ROI from an image to the previous one, divided by the time between two frames (2s) (Fig. 
2A).  

• The mean eATP release per sonoporated 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑠𝑠𝑠𝑠 and dead 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑠𝑠 cells separatly (mol/cell) 
on the chip of interest. 

• The possible maximum eATP released measured in a sonoporated 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 𝑠𝑠𝑠𝑠 and a dead 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑠𝑠 
cell (mol/cell) on the chip of interest. 

Cell cluster analysis. Based on these individual measurements made on isolated cells, we tried at first 
to quantify eATP released by cell clusters (ie. when the clouds of eATP coming from different cells are 
merging at some point in the eATP image sequence) with two strategies. 

First strategy: We assumed that both sonoporated and dead cells are a source of eATP, therefore we can 
tell that the total eATP released 𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡 (mol) in an area is the sum of the eATP released by each of the 
sonoporated and dead cells in the area. As we cannot measure the eATP coming from each cell in a cell 
cluster we are simplifying the equation by the formulae: 

𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡 = 𝑞𝑞𝑑𝑑𝑠𝑠 ∙ 𝑛𝑛𝑑𝑑𝑠𝑠 + 𝑞𝑞𝑠𝑠𝑠𝑠 ∙ 𝑛𝑛𝑠𝑠𝑠𝑠          (1) 
With 𝑛𝑛𝑠𝑠𝑠𝑠 and 𝑛𝑛𝑑𝑑𝑠𝑠 the number of sonoporated and dead cells respectively, and 𝑞𝑞𝑠𝑠𝑠𝑠 and 𝑞𝑞𝑑𝑑𝑠𝑠 the quantity 

released by sonoporated and dead cells respectively (in mol/cell). We calculated the total ATP released 
𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡 by drawing an ROI including the eATP signal of the entire cluster and 𝑞𝑞𝑠𝑠𝑠𝑠 and 𝑞𝑞𝑑𝑑𝑠𝑠 were replaced by 
the couples (𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑠𝑠𝑠𝑠  ;𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑠𝑠) (Fig. 3A dark green dots and line) or (𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 𝑠𝑠𝑠𝑠  ;𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑠𝑠) (Fig. 3A light 
green dots and line). A total of 9 cell clusters were analyzed with this method (Fig. 3B). 

Second strategy: Since differences appeared between sonoporated and dead cell eATP release rates for 
individual cells, we analyzed a cell cluster to see if we could find the same pattern between sonoporated and 
dead cell release rate in an eATP cloud merging several eATP releases.  

In this analysis, we focused on images at early time points after the pulse because the rate difference 
were already significant in the isolated cells analysis, and the eATP clouds were not yet merged which 
allowed us to draw ROI more accurately. We used circular ROI (radius 117 μm ie. 1.5-pixel radius in the 
eATP signal images) around the eATP clouds to minimize overlapping. 

Statistical analysis. Data were analyzed with a Two-way ANOVA test with a Tukey multicomparison 
test and a parametric Student T-test (Prism 8, GraphPad). p < 0.05 was considered significant. 
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Results and discussion 
In individual cells, the eATP release was significantly higher in dead cells than in sonoporated cells for 

chips 1, 2, and 3 (Fig. 1C). Nevertheless, the eATP time to peak was not different from sonoporated and 
dead cells in all chips (Fig. 1D). Our data presented a degradation in signal between chips, which was 
observed despite compensating for luciferase activity decay with time. Thus, we restricted our analyses on 
a per-chip basis onwards.   

In Figure 2, we compare the eATP released rates with a large (300 µm radius - Fig. 2A) and a small 
(117 µm radius - Fig. 2B) ROI as a function of time after the pulse. In all chips, the eATP release rate was 
higher for dead cells in the first 10s after UTMC with both ROI sizes. As expected the larger ROI yielded 
slightly better results but differences could still be detected with the smaller ROI. 

The analysis of cell clusters with the first strategy (Fig. 3A) showed a linear correlation between both 
sides of equation (1). The couple (𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 𝑠𝑠𝑠𝑠  ;𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑠𝑠) underestimated the total eATP released by 22% and 
(𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑠𝑠𝑠𝑠  ;𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑠𝑠) by 55%. One possible explanation for this may be a cellular detachment between the 
eATP imaging and PI/Calcein-AM image acquisitions. 

We started exploring the analysis of the cell cluster with the second strategy which as expected was 
noisier than with isolated cells (Fig. 4C). We can note that the sonoporated cells with a high release rate (>4 
fmol/s) between the second 4 and 6 after the pulse, which are the cells 9, 10, 11, 12, 23, are mostly placed 
in the middle of the eATP cloud formed by the cell cluster (Fig. 4A and B). The signal around these cells 
may thus be affected by nearby dead cells. Also, the relatively coarse resolution of the eATP signal 
acquisition makes it hard to draw the ROI without overlap.  

Conclusions 
We developed an approach that gives a quantification of the eATP released per sonoporated and dead 

cells separately. Overall, we can tell that eATP release kinetic is different between sonoporated and dead 
cells. The significant difference between release rates at the early time points is promising for analyzing 
eATP clouds from clusters of cells. In the future, a better estimation of the eATP release in the case of a cell 
cluster treated by UTMC will be investigated. We expect this work to provide a greater understanding of 
sonoporation mechanisms to optimize UTMC in vivo and improve the outcome of anti-cancer radiotherapy.  

Abbreviations 

UTMC: Ultrasound Targeted Microbubble Cavitation; eATP: extracellular Adenosine-5’-Triphosphate; 
NO: Nitric Oxide; HUVEC: Human Umbilical Vein Endothelial Cells; PDMS: Polydimethylsiloxane; 
EMCCD: Electron Multiplying Charge-Coupled Device; LL: Luciferin-Luciferase; PI: Propidium Iodide; 
SEM: Standard Error of the Mean; ROI: Region of Interest. 
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Figure 1. A. Example of the kinetic of eATP release with time in an ROI. The pulse is given at t=0s, 
the maximum of the curve is considered as the total eATP released in the ROI. B. Table of pulse and the 
number of isolated PI-positive cells analyzed per chip. C. Total eATP release per isolated cell. D. Time to 
peak for every isolated cell. C and D, display: Mean and SEM with single cell values. Parametric Student t-
test. The stars represent sono. vs. dead. ****: p < 0,0001; ***: p < 0,001; **: p < 0,01; ; *: p < 0,05. 

 Figure 2. A. eATP release rate in time for each chip with an ROI of radius 300µm. B. eATP release 
rate in time for each chip with an ROI of radius 117µm (i.e. radius of 1.5 pixels in the eATP release signal 
images). Display: Mean of the eATP release rate averaged by sonoporated and dead cells separately and 
SEM. Two-way ANOVA with Tukey multicomparison test. The stars represent sono. vs. dead. ****: p < 
0,0001; ***: p < 0,001; **: p < 0,01; ; *: p < 0,05. 
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Figure 3. A. Correlation map of the eATP measured and the eATP quantity calculated using eATP/cell 
values calculated on isolated cells. B. Table of eATP release clouds and the number of cells corresponding.  

  

Figure 4. A. Typical eATP release frame sequence captured with the EMCCD camera at different time 
points. B. eATP signal frame 6s after the pulse and corresponding PI/Calcein-AM fluorescent image 
(magnification 5x). A 1.5-pixel-radius circle is drawn around every PI-positive cell. A and B, scale bars: 
500µm. C. eATP release rate for every ROI drawn in B (ROI 6, 7, 14, 19, 21, 22: dead cells in red triangles; 
ROI 1, 2, 3, 4, 5, 8, 9, 10, 11, 12, 13, 15, 16, 17, 18, 20, 23 sonoporated cells in blue dots). 
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Introduction  
 
Nephrons are the filtration units of the kidney and their function relies heavily on their microcirculation. 
In particular, glomeruli are bundles of fenestrated capillaries which thighly control liquid and toxins 
excretion and, consequently, overall blood volume and homeostasis. Pathological modifications of the 
glomeruli are currently assessed through indirect perfusion imaging and biological samples to yield 
metrics such as glomerular filtration rate. 
Despite its obvious diagnostic importance, an accurate estimation of blood flow in the capillary bundle 
within glomeruli defies the resolution of conventional imaging modalities. Ultrasound Localization 
Microscopy (ULM) has demonstrated its ability to image in-vivo deep organs in the body (Errico et al. 
2015, Christensen et al., 2020, Song et al., 2023). Recently, the concept of sensing ULM or sULM (Denis et 
al., 2023) was introduced to classify individual microbubble behavior based on the expected physiological 
conditions at the micrometric scale. In the kidneys of both rats and humans, it revealed glomerular 
structures in 2D but was severely limited by planar projection. In this work, we aim to extend sULM in 3D 
to image the whole organ and in order to perform an accurate characterization of the entire kidney 
structure and its functional units.  
 

Methods 
 
Experiments were conducted according to European and French regulations. They have been approved by 
the local ethics committee on animal experimentation (CEEA34) and registered by the French ministry of 
research under number #33913. To perform the ultrasound acquisition, the left kidney was externalized 
through an incision in the abdomen. The organ was then placed on an acoustic absorber and fixed with a 
needle to avoid movement. A 25G catheter was placed in the tail vein to perform microbubbles injections 
(SonoVue, Bracco, Italy) needed for volumetric sULM. The animal was under isoflurane anesthesia (4% 
for induction, 2.5% for maintenance) with appropriate analgesia (subcutaneous injection of 0.1 mg/Kg of 
buprenorphine 30 minutes prior to experiments). 
 
Ultrasound acquisitions were then performed with a 256- channels research ultrasound scanner 
(verasonics, Kirkland, USA) and an 8 MHz multiplexed matrix probe (Vermon, France). Five hundred 
blocks were acquired, with 200 images per block and a framerate of 130Hz. Each image being the result of 
a compounding of 5 plane-waves oriented according to +- 5° (in the elevation axis and in the lateral axis). 
The sequence was decomposed according to a light configuration (Chavignon et al., 2021), and lasted for 
8 minutes, with repeated bolus injections of 50 μL/min every 1 minute. The pulse duration is about 2 
cycles with a pulse repetition frequency (PRF) of 13.5 kHz. The data were then reconstructed with a 
classical delay and sum beamforming on a [98.5, 150, 150] μm grid, before reaching the final sULM 
resolution of [9.85, 9.85, 9.85] μm. 
 
The construction pipeline of the 3D sULM mapping follows a classical ultrasound Bmode volume 
reconstruction, a clutter filtering using a low-threshold Singular Value Decomposition (SVD) where the 
first six singular values were annulled, microbubble localization using radial symmetry algorithm (Heiles 
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et al., 2022), and tracking using the Hungarian algorithm. It is worth to mention that in this work;  the 
localization and tracking were done on an unique dataset. Thanks to the volumetric acquisition, we were 
able to precisely track the microbubble along its entire path within the blood vessels without any loss of 
visual continuity due to the microbubble velocity changes. 
 
To correct motion induced by breathing, heartbeat and muscle contraction, in our study, we generalized 
phase correlation in 3D with subwavelength motion, a technique that has previously demonstrated its 
effectiveness in improving ULM resolution in 2D (Hingot et al., 2017). 
 
sULM is built upon an a-priori knowledge of the local environment based on previous invasive 
microscopy studies such as histology. To highlight specific microbubble behaviour, we employed two 
different metrics that we define hereafter. Microbubble velocity, characterized as the mean displacement 
magnitude between every two successive points along a trajectory, divided by the corresponding time 
interval. The Pathway Angular Shift (PAS), delineated as the angular difference computed between sets of 
three consecutive points along a track. 

Results 
 
To estimate physiological parameters like the glomerular filtration rate, it is essential to carefully pinpoint 
glomeruli within the cortex. This task is achieved through a systematic two-step approach. Firstly, cortical 
tracks (afferent and efferent arteioles + glomeruli) are extracted by applying a velocity threshold (3 < track 
speed < 6 mm/s). 
This velocity parameter serves as a discriminant, effectively distinguishing various segments of the 
kidney’s structure. In order to substract only glomeruli in the cortex, the Pathway Angular Shift (PAS) 
metric is employed on the tracks established via the dual velocity cutoff. If the computed PAS value 
surpasses a designated threshold of 40 degrees, all data points exhibiting PAS > 40◦ are identified as 
localizations within the glomerulus. Note that the threshold value used in PAS is empirical. In Fig.1a, 3D 
sULM rendering of the kidney is displayed, with a closer view provided in b. Here, glomeruli are 
highlighted in blue, main vessels in orange, and the medulla in green. In Fig. 1 c demonstrates the 
probability function for the total traveled distance, which reaches its peak at 18 μm. Notably, due to the 
complex presence of various vessel loops within the capsule, determining the size of the glomeruli through 
microcirculation is impractical. To approximate a size-related metric, we propose utilizing the total 
traveled distance within the glomeruli. Upon statistical analysis encompassing all the glomeruli across the 
rat population, a total traveled distance of 7.5 +- 0.6 μm is obtained. This measurement is notably smaller 
than the actual glomerular size (which boasts a 50- micron diameter).  
 
                          

 
 Figure 1. Whole organ volumetric sULM reveals accurate estimation of glomeruli physiology: a Volumetric sULM rendering 
with three different families encoded in color. Medulla in green, main vessels in orange and glomeruli in blue. b shows a 
zoom on a part of the kidney. The probability of density of all the glomeruli tracks (in blue) of the total traveled distance c. 

Conclusions 
 
The extension of sULM into the 3D domain combined with a 3D subwavelength motion correction 
algorithm allow better localization and more robust tracking. The 3D metrics of velocity and pathway 
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angular shift made glomerular mask possible. This approach facilitated the quantification of glomerular 
physiological parameter such as an interior traveled distance of approximately 7.5 +- 0.6 microns within the 
glomerulus. This study introduces a technique that characterize the kidney physiology which could serve as 
a method to improve pathology assessment. Furthermore, such study demonstrates that sULM is sensitive 
to the functional units of organs and, hence, bridge the gap between imaging at the millimetric scale and 
exploration of the microstructure of organs.  
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Introduction  
Phospholipid-coated microbubbles are already clinically approved as ultrasound contrast agents and it 

has been shown that conjugating therapeutic proteins to microbubbles can able them to be used as delivery 
vehicles [1-3]. In order to investigate the effect of microbubbles as delivery agents, it is first necessary to 
accommodate a set of strict requirements: a therapeutic dose of antibody must be loaded on a tolerated and 
safe dose of microbubbles (<109 microbubbles/mouse). The development of such formulations can also 
involve complex manufacturing procedures, which require accurate assays for process development and 
quality control. An absolute measure of drug loading (weight of conjugated drug per dose of microbubbles), 
arguably one of the most important specifications in a target product profile, is particularly difficult to 
determine on microbubbles.  

Absolute drug loading is typically either not reported, or measured after centrifugal separation of 
unbound drug from drug-loaded microbubbles. In most instances, the amount of conjugated drug is 
determined either indirectly by subtracting the unbound drug from the total or directly after dissolution of 
the purified microbubbles. Drug concentration has been measured by methods including HPLC[4], Bradford 
assay[3], bicinchonic acid assay[5] and fluorescence[6], all of which can suffer from lipid interference. 
Additionally, centrifugation can result in partial destruction of the microbubbles and therefore transfer of 
drug-conjugated lipids to the subnatant. In some cases, relative loading was measured by flow cytometry 
for the purpose of process optimisation [7, 8], but, to the best of our knowledge, absolute loading has never 
been determined.  

In this work, we first investigate the extent to which centrifugation can affect absolute drug loading 
measurements using a fluorescent payload as a model drug and quantifying the loss of payload after each 
centrifugation cycle. We then describe an optimised protocol for the determination of absolute drug loading 
on antibody-loaded microbubbles by flow cytometry, which does not require sample processing steps such 
as centrifugation or bubble dissolution and provides single-bubble information including distribution of drug 
surface density.  

Methods 
Fabrication of microbubbles. A 2 mL freeze drying vial (Adelphi VCDIN2R) was charged with 1 mL 

of lipid suspension (0.8 mg/mL DPPC, 0.09 mg/mL DPPA, 0.6 mg/mL DPPE-PEG5K in 
PBS/glycerol/propylene glycol 8:1:1 v/v) and sealed. The headspace was filled with perfluorobutane by 4 
vacuum/refill cycles. After cooling at 4°C, the vial was shaken for 45s in a VialMix. The vial was cooled at 
4°C for 1 minute and 1 mL of microbubbles transferred into a syringe using an 18G needle with a 5 µm 
filter. Concentration and size distribution were measured in a Multisizer 4e Coulter counter (Beckmann 
Coulter, USA). For the flow cytometry experiments DPPE-PEG5K was entirely replaced by DPPE-PEG5K-
maleimide, while for the centrifugation experiments 0.04 mg of DPPE-PEG5K were replaced by the same 
amount of DPPE-PEG5K-AF488. 

Preparation of antibody-loaded bubbles. Cetuximab was fluorescently labeled with Alexa Fluor 647 
NHS ester, purified by size exclusion in a Zeba spin column, and subsequently thiolated with Traut’s reagent 
and purified again to obtain 5 mg/ml of antibody with a dye-to-antibody ratio and thiol-to-antibody of 1 (as 
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measured by Ellman’s assay). The thiolated antibodies were immediately mixed with the microbubbles and 
reacted for 1 hr at room temperature. 

Microbubble centrifugation study. Fluorescently labelled microbubbles (9 separate batches) were 
centrifuged 300 g for 5 min at 4 °C in a 3 mL plastic syringe (3 replicates per batch). After removal of the 
subnatant, the cake was resuspended. For the first cycle of centrifugation, cake and subnatant from three of 
the batches were mixed with an equal volume of isopropanol and sonicated, and their fluorescence emission 
measured in an Omega Fluostar plate reader. Of the remaining six batches, three were subjected to a second 
cycle and the other three to a second and a third cycle of centrifugation before dilution with isopropanol, 
sonication and fluorescence measurement. 

Flow cytometry measurements. A BD LSRFortessaTM flow cytometer was used to count and analyse 
populations of fluorescent microbubbles. Flow cytometer parameters were optimized to accumulate 700,000 
counts in less than 5 minutes. The flow cytometer was run at 35 µL/min until 700,000 events were recorded 
per measurement, with voltages of 200 V (FSC) and 200 V (SSC) and thresholds of 15000 (FSC) and 1000 
(SSC). All samples were diluted to 1:100 with PBS immediately before analysis. The fluorescence signal 
was calibrated with QuantumTM MESF (molecules of equivalent soluble fluorochrome) 647 beads (Bangs 
Laboratories) suspended in 400 µL PBS according to the manufacturer’s protocol.   

FlowJo was used to analyze the flow cytometry data. A bubble gate was applied in the FSC-H vs SSC-
H plane, followed by a singlet gate in the FSC-A vs FSC-H. The distribution of fluorescence signal in the 
R670_14.A channel was used to quantify the fluorophore on bubbles and calibration beads. The geometric 
mean fluorescent intensity (GMFI) for the calibration standards was estimated by fitting a mixture of 
gaussian distributions to the log-transformed fluorescence signal. The signal was then calibrated by fitting 
a linear regression to the log-transformed GMFI vs. log-transformed number of dye molecules (as provided 
by the manufacturer). The absolute drug loading on microbubbles (µg Ab/109 MB) was obtained from the 
arithmetic mean of the number of antibodies per bubble. 

Loading [µg Ab/109 MB] = 1015
∑ 𝑛𝑛Dye𝑖𝑖
𝑁𝑁
𝑖𝑖

𝑁𝑁 ∙ 𝐷𝐷𝐷𝐷𝐷𝐷
𝑀𝑀𝑀𝑀Ab

𝑁𝑁𝐴𝐴𝐴𝐴
where 𝐷𝐷𝐷𝐷𝐷𝐷 is the dye-to-antibody ratio, 𝑁𝑁 is the total number of events in the bubble gate, 𝑛𝑛Dye𝑖𝑖

 is the
number of dye molecules for each event (obtained from the calibration described above), 𝑀𝑀𝑀𝑀Ab is the 
molecular weight of the antibody and 𝑁𝑁𝐴𝐴𝐴𝐴 is Avogadro’s number.   

Results 
The transfer of functionalised lipids onto microbubbles following amalgamation was first investigated. 

We found that less than 10% of PEGylated lipids were incorporated into microbubble shell following bubble 
formation (Figure 1), much lower than previously reported for DSPC/DSPE-PEG formulations [9]. 
Surprisingly, after two additional purification cycles, the fraction of PEGylated lipids did not increase over 
20%. Moreover, large batch-to-batch and replicate-to-replicate variations were observed, suggesting that 
centrifugation-based methods can be prone to measurement artifacts due to microbubble destruction. To 
address this challenge, a direct characterisation method based on flow cytometry to selectively detect signal 
from microbubbles without further sample processing steps was developed. This direct characterisation 
method provides single-bubble measurements  and therefore distribution of loading as well as average 
loading on a safe dose of bubbles. Additionally, dilution and lower scattering thresholds were required to 
remove negative bias on fluorescence due to high background signal. An antibody loading of 60 µg/109 MB 
was obtained for bubbles loaded by  maleimide-thiol addition (Figure 2).  
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Figure 1. Fraction of PEGylated lipids on microbubble shell surface after each centrifugation phase (9 

batches, 3 centrifugation steps).   

Figure 2. Flow cytometry measurements on unloaded and antibody-loaded bubbles.  

Conclusions 
Adequate drug loading is a prerequisite of microbubble-based delivery systems. An accurate 

measurement of loaded dose is necessary to characterise the final pharmaceutical product, and highly 
desirable to guide process optimisation towards achieving a loading that is as close as possible to the 
theoretical maximum based on microbubble surface area. The development of reliable quality control 
protocols is therefore an important step towards the clinical translation of drug-loaded microbubbles. We 
showed that centrifugation-based methods are prone to measurement artifacts due to the destruction of 
microbubbles and describe a flow cytometry protocol for the determination of absolute drug loading on 
protein-conjugated microbubbles, which we believe will facilitate the development of these promising 
constructs. 
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Introduction 
The intricate dynamics of microbubbles in response to ultrasound, encompassing shape oscillations and 

microstreaming, hold importance across various applications, ranging from surface cleaning to particle 
transport and interactions with tissues and/or bacteria [1-3]. Previous studies on microbubble shape 
oscillation and microstreaming [4-6] predominantly focused on uncoated air bubbles exceeding 10 µm in 
radius, utilizing kHz ultrasound, a condition not representative of clinical scenarios. However, shape 
oscillations in combination with microstreaming have not yet been investigated for clinically relevant 
microbubble sizes. This study therefore aimed to address the existing gap by investigating the shape 
oscillation and microstreaming profile of phospholipid-coated microbubbles attached to a wall under 
varying acoustic parameters. 

Methods 
Fig. 1a depicts the experimental configuration and Fig. 1b illustrates the experimental timeline. Two 

ultra-high-speed cameras (Shimadzu HPV-X2) were integrated with a custom-built upright Eclipse Ni-E 
microscope (Nikon Instruments, the Netherlands) set at 60× magnification. The cameras operated at frame 
rates of 5 Mfps (Camera 1) and 10 kfps (Camera 2) to capture microbubble shape oscillation and cavitation 
microstreaming, respectively. A cylindrical lens was placed in front of Camera 2 to induce astigmatic 
aberration for astigmatic particle tracking velocimetry (APTV) [7,8]. Biotinylated DSPC-based 
microbubbles (radius: 3-8 µm) were generated through a microfluidic flow-focusing device and targeted to 
streptavidin-coated glass. Insonification was applied to each microbubble across an acoustic pressure range 
of 85-425 kPa at 25,000 cycles and 𝒇𝒇𝟎𝟎 = 𝟏𝟏.𝟐𝟐𝟐𝟐 MHz. The microbubble contour was tracked by image 
processing based on the gray value distribution using MATLAB. Subsequently, the contour underwent 
modal decomposition based on Legendre polynomials. The temporal changes in the amplitude of each 
surface mode were then extracted at frequencies 𝒇𝒇𝟎𝟎 and 𝒇𝒇𝟎𝟎/𝟐𝟐. APTV [7,8] was used to measure the 3D 
trajectories of particles (500 nm, polymer beads, Thermo Scientific) from the 10 kfps camera recordings.  

 

Figure 1. (a) Schematic representation of the experimental setup (not drawn to scale). (b) Corresponding 
experimental timelines.  
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Results 
Fig. 2 illustrates two typical examples (from a total of 79 cases) of microbubble shape oscillation and 

their corresponding microstreaming profiles for microbubbles with radii of 5.12 μm and 4.35 μm, insonified 
at 425 kPa and 255 kPa, respectively.  

 
Figure 2. Two examples of microbubble shape oscillation and corresponding microstreaming profiles (I-
II). For each example: (a) Selected frames of microbubble oscillation from four ultrasound cycles (0 to 

4T). (b) Spectrum of the modal decomposition on the frequency of f0/2 and f0. (c) Temporal evolution of 
the normalized amplitude, emphasizing predominant shape oscillations, particularly modes 3 and 4. (d) 
The 2d projection of the microstreaming profile in the (x, y) plane with the streaming velocity indicated 

by colour. (e) The 2D projection of the microstreaming profile in the (x, z) plane.  

In Fig. 2Ia and 2IIa, six selected frames of microbubble oscillation are shown from four ultrasound 
cycles. In both cases, the microbubbles become square (or cross) shape, i.e. exhibiting a 4th-order dominant 
shape oscillation. Figs. 2Ib and 2IIb further detail the normalized amplitude of 4th-order and other surface 
modes at half of the driven frequency 𝒇𝒇𝟎𝟎/𝟐𝟐 and the driven frequency 𝒇𝒇𝟎𝟎 . Notably, microbubble shape 
oscillations appeared after several cycles (4 to 40 cycles) of spherical oscillation, and gradually stabilized 
to a specific mix of different surface modes with possibly one dominating surface mode. In example I, mode 
4 at 𝒇𝒇𝟎𝟎  dominates, displaying a quadrupole shape microstreaming pattern (Fig. 2Id) with a streaming 
velocity on the order of 10-3 m/s (�𝑣𝑣𝑥𝑥𝑥𝑥� < 6.2 ∗ 10 −3m/s). In example two, mode 4 at 𝒇𝒇𝟎𝟎 is prominent, 
while mode 3 at 𝒇𝒇𝟎𝟎 constitutes 80% of mode 4 at 𝒇𝒇𝟎𝟎, resulting in a dipole shape microstreaming pattern (Fig. 
2IId) with a slightly lower streaming velocity (�𝑣𝑣𝑥𝑥𝑥𝑥� < 2.5 ∗ 10 −3m/s). In the streaming figures 2Id, 1Ie, 
2IIb, and 2IIc, positive velocity values (in red) indicate flow moving away from the microbubble, while 
negative velocity values (in blue) indicate flow moving towards the microbubble. The information from 
Figs. 2Ib and 2Ic suggest that example I exhibits a strong self-interaction of mode 4 at 𝒇𝒇𝟎𝟎, leading to a 
quadrupole pattern [9]. Conversely, example II, due to a pronounced mix of mode 3 and mode 4 with a 3π/4 
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phase shift, displays a dipole pattern dominated by the interaction between surface mode 3 and mode 4 at 
𝒇𝒇𝟎𝟎 [9]. Within the entire dataset (79 cases), 21 cases featured a dipole microstreaming pattern, while 18 
cases displayed a quadrupole microstreaming pattern. Regarding microstreaming in the direction 
perpendicular to the wall (z direction), in example I, particles move to a higher z position near the 
microbubble center ((𝑥𝑥, 𝑦𝑦)  =  (0, 0)), forming a volcano-shaped pattern (Fig. Ie), which indicates a gentle 
recirculation in the z direction (𝑣𝑣𝑧𝑧 < 2.3 ∗ 10−2 m/s). In contrast, in example II (Fig. IIe), the inwards and 
outwards flow around the microbubble is nearly in the same z plane, implying a weaker motion in the z 
direction (𝑣𝑣𝑧𝑧 < 1.1 ∗ 10−2 m/s).  

Conclusions 
In this study, we successfully conducted simultaneous monitoring of the shape oscillation and the 

corresponding 3D microstreaming patterns of phospholipid-coated microbubbles attached to a wall. Using 
ultra-high-speed microscopic imaging and astigmatic particle tracking velocimetry, we elucidated two 
distinct microstreaming patterns—namely, quadrupole and dipole patterns and we discussed the mechanism 
behind their formation. The distinct 3D characteristics of the microstreaming patterns will lead to different 
outcomes in mechanical impact. These insights enhance our understanding of microbubble behavior under 
ultrasound and also hold the promise of advancing the efficiency of microbubble-assisted ultrasound 
imaging and therapeutic applications based on additional control over microbubble oscillation. 
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Introduction  

Bacterial biofilms present a major challenge to achieving effective antibiotic therapy, as these 
sessile communities of microbes promote both physical and functional changes that protect bacteria from 
their environment. Because of this, bacteria within biofilms are known to be between 10-1000 times more 
resistant to antibiotics than their planktonic counterparts [1]. Focused ultrasound in combination with 
cavitation nuclei can mechanically disrupt biofilms, potentially offering a novel ‘drug-free’ antibiotic 
paradigm. The aim of this work was to evaluate the role of acoustic cavitation in the biofilm disruption 
process, through quantitative passive acoustic mapping (PAM) of cavitation activity using both 
microbubbles and a novel protein cavitation nuclei (PCaN). Two different pathogenic bacteria were 
evaluated: methicillin-resistant Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa (PAO1), 
both of which are on the World Health Organization’s priority list for new antibiotic research and 
development and are known to form robust biofilms. The outcome of this work could inform development 
of optimized cavitation-based antibiotic therapies that may be broadly applicable to a variety of bacterial 
species. 

Methods 
 Two different strains representing Gram-positive and Gram-negative bacteria were evaluated as 

single-species biofilms: S. aureus isolated from osteomyelitis and P. aeruginosa (PAO1) isolated from a 
chronic wound. Bacteria were added to an Ibidi µ-Slide at an OD600 of 0.2 and then cultured for 48 hours to 
form a biofilm. The ultrasound exposure setup and acoustic field within the µ-Slide may be seen in Figure 
1. 

Figure 1. (a) Experimental setup of ultrasound exposure and cavitation detection through the Ibidi µ-
Slide. (b) and (c) show the acoustic field in the free field and within the µ-Slide, respectively, both normalized 

to the maximum pressure in the free field. 

 Before ultrasound exposure, biofilms were live/dead stained with Syto 9 and propidium iodide and 
imaged with fluorescence microscopy. 1 x 108 microbubbles/mL diluted into sterile water, 1 x 1010 
PCaN/mL diluted into sterile water, or sterile broth alone was added to the biofilms. Biofilms were placed 
into the water tank where they were exposed to 0.5-1.5 MPa peak rarefactional pressure (derated), 200 
cycles, at a 5 Hz PRF for 30 seconds. To evaluate the effect of ultrasound without any added cavitation 
nuclei, just the highest pressure (1.5 MPa) was tested. Each scattered microbubble cavitation signal was 

The 29th European symposium on Ultrasound Contrast Imaging 
-------------------------------------------------------------------------------------- 

168



passively received by a calibrated L11-5 linear array located 28 mm above the biofilm for quantitative 
analysis of cavitation energy and spatial extent over time.  

Calibrated pressure data were beamformed into PAM energy maps using Robust Capon Beamforming 
[2] after applying a 4 MHz high pass filter. Each transmit pulse resulted in one PAM image. To enable 
quantification of cavitation activity for each individual replicate, the sum of all pixels per frame was plotted 
against time, and the area under the curve was calculated [3]. This was used to correlate against reduction 
in biofilm coverage area. To get a map of the total accumulated cavitation energy in acoustic uJ experienced 
by the biofilm, all frames acquired were summed into a single PAM map. This was used to compare to the 
width of biofilm removal. 

Results 
 An increase in transmit pressure/cavitation energy resulted in an increase in biofilm removal, seen both 

qualitatively and quantitatively (Fig. 2). A positive correlation was observed between cavitation energy and 
biofilm removal that could be fit to an exponential curve to describe the rate of biofilm destruction. There 
were slight differences observed between cavitation nuclei and between species which can be attributed to 
differences in cavitation activity, host-pathogen interactions, and biofilm morphology.  

Figure 2. (a) representative microscopy images from control biofilms and biofilms exposed to 1 MPa 
ultrasound with PCaN (scale bars represent 100 µm). (b) reduction in biofilm presence determined with semi-
quantitative image analysis. (c) Correlation between %biofilm reduction and energy of acoustic emissions in 
S. aureus and P. aeruginosa biofilms, respectively. *=difference between S. aureus experimental conditions 
and control, †=difference between P. aeruginosa experimental conditions and control, #=difference between 

S. aureus and P. aeruginosa conditions, p<0.05 indicates significance 

Examples of the comparison between PAM energy maps for two different ultrasound transmit conditions 
(1 MPa and 1.5 MPa with PCaN) and the resulting microscopy images of P. aeruginosa biofilms can be 
seen in Figure 3. The lateral PAM line at 28 mm (the location of the biofilm in the axial imaging plane) was 
compared with a smoothed image intensity profile through the central region of the microscopy image. The 
boundaries of the biofilm destruction area were used to identify the lowest accumulated PAM energies that 
still resulted in clearance, represented by the two vertical grey lines. The PAM energies were averaged to 
determine the lowest average cavitation energy for each condition that still resulted in biofilm removal. The 
minimum PAM energy required to remove bacteria remained consistent despite differences in exposure 
parameters. 
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Figure 3. Large image scans of P. aeruginosa biofilm disruption at (a) 1 and (b) 1.5 MPa with PCaN 
compared to the summed PAM spatial energy for each pressure condition, respectively. The PAM energy 

corresponding to the width of the biofilm clearance zone is consistent between pressure settings 

Conclusions 
The goal of this work was to investigate the use of cavitation to eliminate biofilms of two priority 

pathogens, Pseudomonas aeruginosa and Staphylococcus aureus. We utilized passive acoustic mapping 
(PAM) to provide quantitative analysis of cavitation energy which we then correlated with reduction in 
biofilm presence and overall extent of biofilm destruction. We also compared two different cavitation 
agents, microbubbles as well as a solid protein cavitation nuclei. We found a positive correlation between 
cavitation dose and biofilm reduction in all cases except for using microbubbles on S. aureus biofilms, which 
we attribute to variations in biofilm morphology. Finally, the minimum PAM energy required to eliminate 
biofilms was consistent across transmit pressures and bacterial species. Cavitation-enhanced biofilm 
removal is a potentially promising form of antibiotic therapy. 
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Introduction 
Microbubbles are of great interest for ultrasound imaging, both for diagnosis as contrast agents, and for 

ultrasound therapy to locally deliver drugs or genes or to employ a mechanical stress to cells to induce 
sonoporation. A full characterization of the nonlinear response of microbubbles to ultrasound is crucial to 
fully exploit the specific features of these bubbles. The most interesting feature resides in nonlinear 
scattering, which is heavily enhanced by the viscoelastic shell, especially at low driving amplitudes [1]. 
While acoustic attenuation measurements can be used to characterize bubble populations at low acoustic 
pressure, these need to be performed on an ensemble of microbubbles, and thus high-precision 
characterization is only possible by using monodisperse bubbles [2, 3]. In contrast, single microbubbles can 
be characterized using ultra-high-speed optical imaging [4], but this requires relatively large oscillation 
amplitudes (~100 nm), and measurements in the free-field are very challenging [5].  

Here, we propose a novel method to characterize the viscoelastic shell properties of single microbubbles 
measured with high-frequency scattering in an ‘acoustical camera’ setup [6, 7]. Detailed knowledge of the 
acoustic driving pressure and frequency combined with a precise measurement of the resulting strain and 
strain rate of the bubble interface allows us to derive the elastic and viscous properties of single 
microbubbles. This approach does not require any a priori knowledge on the constitutive laws of the 
monolayer shell. In addition to providing detailed information of single bubble dynamics, it also opens new 
possibilities to unravel the dissipation mechanisms within the interface as a function of strain and strain rate. 

Methods 
The elastic and viscous pressure contributions of the bubble surface can be equated to the contributions 

of inertia, gas thermodynamic behavior, sound re-radiation, atmospheric pressure, and incident acoustic 
pressure by reorganizing the Keller-Miksis equation [1]:  

𝑓𝑓 =  − 𝜌𝜌𝐿𝐿 �𝑅𝑅�̈�𝑅 + 3
2
�̇�𝑅 �+ �𝑃𝑃0 + 2𝜎𝜎(𝑅𝑅0)

𝑅𝑅0
� �𝑅𝑅0

𝑅𝑅
�
3𝜅𝜅
�1 −  3𝜅𝜅

𝑐𝑐𝐿𝐿
�̇�𝑅� − 𝑃𝑃0 − 𝑃𝑃𝑎𝑎𝑐𝑐 ,               (1) 

with 𝑅𝑅 = 𝑅𝑅(𝑡𝑡) the bubble radius,  �̇�𝑅 and �̈�𝑅 its time derivatives, 𝑅𝑅0 the initial radius, 𝜎𝜎(𝑅𝑅0) the initial surface 
tension, 𝜌𝜌𝐿𝐿 the density of the medium, 𝜅𝜅 the polytropic exponent of the gas, 𝑐𝑐𝐿𝐿 the speed of sound in the 
medium, 𝑃𝑃0 the atmospheric pressure, and 𝑃𝑃𝑎𝑎𝑐𝑐 the incident acoustic pressure. In general terms, 𝑓𝑓 can be 
written as: 

𝑓𝑓 =  𝑓𝑓𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 + 𝑔𝑔𝑣𝑣𝑣𝑣𝑒𝑒𝑐𝑐�̇�𝑅.           (2) 
Through nondimensionalization, the viscous and elastic pressure contributions can be written as a function 
of the radial strain d𝑅𝑅 = (𝑅𝑅(𝑡𝑡) − 𝑅𝑅0)/𝑅𝑅0, and its time derivative. The elastic contribution is independent 
of the strain rate and can thus be determined from the nondimensionalized function 𝑓𝑓 at d�̇�𝑅 = 0, where all 
viscous terms (due to the viscosity of the shell and of the medium) disappear. From the elastic contribution 
we determine the surface tension as a function of d𝑅𝑅. The remainder of 𝑓𝑓 after subtraction of the elastic 
contribution then constitutes the viscous contribution. 
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To validate this novel approach, we characterize 𝑓𝑓 for a single microbubble as a function of d𝑅𝑅 and d�̇�𝑅. 
The incident acoustic pressure is ramped up and down (over 2×100 μs), while we measure the radial strain 
and strain rate with an ‘acoustical camera’ [6, 7], see Fig. 1A. Briefly, the bubbles are suspended in a tank 
where they are insonified at a frequency of 1.9 MHz transmitted by a low-frequency transducer (LF). Single-
bubble strain is measured by a high-frequency transducer (HF2) through geometrical scattering of a 25 MHz 
ultrasound wave transmitted by another high-frequency transducer (HF1) [7]. We use lipid-shelled (DSPC 
mixed with DPPE-PEG5k, 9:1 molar ratio) monodisperse C4F10-filled microbubbles, made in-house using 
a flow-focusing device [8, 9]. The bubbles had a radius of 2.2 ± 0.27 µm.  

From the single-bubble strain, the surface tension as a function of bubble radius is recovered by applying 
an error minimization routine on 4 parameters: the initial radius 𝑅𝑅0, the initial surface tension 𝜎𝜎(𝑅𝑅0), the 
time of flight of the ultrasound to the exact bubble location, and the pressure amplitude within calibration 
margins.   

Results 
The total viscoelastic pressure contribution 𝑓𝑓 as a function of the strain and strain rate of a single 

microbubble is shown in Fig. 1B. Starting at �d𝑅𝑅 , d�̇�𝑅� = [0, 0], the hyperplane is travelled in successively 
larger spirals as the driving pressure increases. A typical surface tension curve extracted for a single bubble 
is shown Fig. 1C. The orange dashed line depicts the surface tension curve measured experimentally for a 
monodisperse bubble suspension, with a similar formulation (DPPC:DPPE-PEG5k, 9:1 molar ratio) and 
with the same mean size [3]. Good agreement is found between our single-bubble results and the curves 
measured on the monodisperse suspension. The median surface tension curve obtained from 64 bubbles is 
shown in Fig. 1D, where the shaded region indicates the standard deviation. The shell elasticity (0.6 N/m) 
matched the one from the attenuation experiments [3]. The waist of the curve at d𝑅𝑅 = 0 provides the 
distribution in initial surface tension: 𝜎𝜎(𝑅𝑅0) = 29 ± 5.6 mN/m. The size distribution determined through 
error minimization (𝑅𝑅0 = 2.1 ± 0.18 µm) also has an excellent match with Coulter Counter measurements 
(data not shown here).  

Figure 1. A) Schematic of the acoustical camera, with its low-frequency (LF) and high-frequency (HF) transducers. B) 
Viscoelastic pressure contribution of a single microbubble as a function of strain and strain rate. C) Strain-dependent surface 
tension extracted from panel B. The orange dashed line shows the surface tension curve measured for an ensemble of 
monodisperse microbubbles by Segers et al. [3]. D) Median surface tension curve (64 bubbles). The orange dashed line again 
shows the measurement from Segers et al. [3]. 
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Conclusions 
The combined viscoelastic pressure contribution of lipid-shelled microbubbles is determined from the 

radial strain of single microbubbles recorded by an acoustical camera. The elastic contribution, obtained at 
zero strain rate, provides the surface tension as a function of the bubble radius. The measured surface tension 
is in good agreement with earlier measurements on a monodisperse bubble population, for small radial 
amplitude oscillations. The stress-strain analysis and error minimization also provide statistics on the size 
and the initial surface tension of single microbubbles. Future work will investigate the dependence of the 
viscous contribution of the shell on the strain and strain rate. 
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Introduction 
      Gas Vesicles (GVs) are protein-shelled gas-filled particles1 that can be expressed by genetically 

engineered bacteria2 and mammalian3,4 cells. They have been investigated as contrast agents for high 
frequency5 ultrasound imaging with encouraging results6 and excitingly it has also been shown that GV-
producing cells are capable of infiltrating the cores of tumours7. Since these cells can also be engineered 
such that they only produce GVs under certain conditions8,9 they offer a high degree of molecular specificity, 
as well as enabling GVs to populate regions of tumours which are traditionally the hardest to reach with 
conventional cavitation nuclei4,10. They thus could be of great potential value as agents for ultrasound 
therapy. An initial study exploring their use as nuclei for mechanical ablation has shown promise10. In this 
work we conduct a thorough characterization of the cavitation dynamics of GVs to inform their further 
development as potential therapeutic agents. 

 

Methods 
      For cavitation mapping, the experimental set-up was comprised of a single therapeutic transducer 

that could be driven at either 0.5 or 1.6 MHz. GVs were suspended in 0.5 ml of water in 2 ml Eppendorf 
tubes positioned at the transducer focus. Acoustic emissions were received using two perpendicular co-
planar L7-4 linear arrays which were calibrated using a wire scatterer11.  These signals were recorded using 
a programmable ultrasound engine (Vantage 256, Verasonics) and then beamformed using the RCB-PAM 
algorithm12 in a 10 mm lateral by 15 mm axial region of interest, with a pixel size of 0.4 mm square, ε = 5.   

      For high-speed optical imaging the set-up was modified so that the GVs were injected into a 
polyethylene tube of 180 µm inner diameter and 10 µm wall thickness (Advanced Polymers, Salem NH, 
USA). An 40X objective lens with a numerical aperture of 0.8 and working distance 3 mm (LUMPLFLN 
40XW Olympus) was focused on the mid-plane of the tube and coupled to a high-speed camera (HPV-X2, 
Shimadzu, Tokyo, Japan). Illumination was provided by a high intensity light source (480 nm, SOLIS-1C, 
Solis® High-Power LEDs, Thorlabs LTD. Ely, United Kingdom). Bubble oscillations were captured 
imaging at 1, 5 or 10 million frames per second for a range of different GV concentrations and peak negative 
pressures.  
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Results 
      First, we investigated the persistence of cavitation. Emissions could be detected throughout the entire 

duration of the first ultrasonic pulse of up to 5000 cycles.  However, the emissions produced by exposure to 
subsequent pulses were greatly diminished, with very little cavitation detectable after 4 pulses. This was 
found to be true over the range of pressures tested, down to 200 kPa. The effect of peak negative driving 
pressure on the harmonic-broadband transition of the GV’s was also explored at 0.5 and 1.6 MHz. A sharp 
threshold was discovered at low sample volumes both in terms of applied acoustic pressure and GV 
concentration. To gain a better understanding of the GV behavior, spectrograms of the received acoustic 
signals were compared to Keller-Miksis models (Figure 1). These results suggested that the cavitation 
emissions received came not from individual GVs but instead from larger bubbles formed by the coalescence 
of gas released by the GVs. 

      This hypothesis motivated the high-speed imaging experiments, the results of which confirmed the 
existence of a delay between GV destruction, which occurred at the arrival of the therapeutic pulse, and the 
generation and collapse of large bubbles formed by coalescence, which were responsible for the acoustic 
emissions (Figure 2). 

 

Conclusions 
      From the combined simulations and experimental evidence, it appears that the acoustic emissions 

detected from GVs under therapeutic ultrasound exposure conditions come not from individual GVs but 
instead from bubbles formed by the coalescence of gas released from collapsed GVs. These results provide 
mechanistic insight into how GVs are capable of acting as cavitation nuclei, though their irreversible 
collapse and gas release will require careful selection of the pulsing regime to achieve the required biological 
effect. 

 

 
Figure 1: (Left) Average spectrogram (n=5) showing the frequency distribution of cavitation emissions over 
the pulse duration for 0.5 MHz and 1.4x1010 particles per ml concentration, cropped to more clearly show the 
cavitation emissions during the first 50 transmitted cycles, Time = 0 corresponds to the timepoint at which 
cavitation emissions are expected to be received from the center of the Eppendorf. (Right) the results for a 
Keller-Miksis bubble simulation showing the frequency distribution of cavitation emissions at a range of 
bubble resting sizes (R0) with the same ultrasound parameters as in the experimental dataset. 
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Figure 2: Frames from a high-speed camera acquisition showing the destruction of sub-micrometer gas 

vesicles at the arrival of the therapeutic pulse (0 - 4 𝜇𝜇𝜇𝜇) and the subsequent coalescence and cavitation of larger 
bubbles (4 – 12 μs). 
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Introduction  

Accurately measuring blood flow patterns in the heart could provide insights in the pathophysiology of 

cardiac disease, and may provide additional diagnostic and prognostic information. At present, 4D flow 

MRI is considered the gold standard of intracardiac flow imaging. EchoPIV is a more recent technique that 

uses high frame rate contrast enhanced ultrasound imaging to quantify blood flow patterns. This study aimed 

to assess the agreement between echoPIV and 4D flow MRI for in vivo intracardiac flow imaging. 

Methods 

This study evaluated 26 patients referred for a cardiac MRI. 4D flow MRI was acquired for each patient as 

a reference. We acquired 2-angle pulse inversion sequences (P4-1 probe, Vantage 256 Verasonics) during 

SonoVue infusion (1ml/min). Registration between the two modalities was done manually using landmarks 

(mitral annulus and apex) in the three standard views (apical 2-, 3-, and 4-chamber) and a rigid 

transformation. We compared the results of both modalities for various cardiac flow parameters, including 

flow velocity, flux, kinetic energy, and rate of energy loss.  

Results 

For the acquisitions with sufficient Bmode image quality and sufficiently aligned plane with MRI, we 

observed good correspondence between echoPIV and MRI regarding spatial flow patterns and derived flow 

parameters. The velocity profile at the base level (mitral valve) had cosine similarity of 0.92±0.06 and 

normalized mean absolute error of 0.14±0.05. The kinetic energy and rate of energy loss also showed a high 

level of cosine similarity (0.89±0.10 and 0.91±0.06) with normalized mean absolute error of 0.25±0.10 and 

0.52±0.15.  

Conclusions 

With sufficient-quality B-mode imaging, echoPIV proves to be an effective method for estimating left 

ventricular flow, offering spatial-temporal velocity distributions similar to those obtained with 4D flow 
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MRI. Each modality has its strengths and weaknesses. EchoPIV has the ability to capture inter-beat 

variability and fine flow details in the apex, whereas MRI is not limited by patient BMI and poor acoustic 

windows. 
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Figure 1. (A) Flow streamlines of EchoPIV (left) and MRI (right) at 𝑡𝑡 = 105𝑚𝑚𝑚𝑚 (ejection phase), 𝑡𝑡 = 449𝑚𝑚𝑚𝑚 
(early filling) and 𝑡𝑡 = 775𝑚𝑚𝑚𝑚 (late filling). (B) Spatial mean velocity at the level of mitral valve and derived 
flow parameters (kinetic energy, rate of energy loss) of the full left ventricle for echoPIV (solid) and MRI 
(dash) 
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Introduction  
3D helical stents have been developed for the treatment of peripheral arterial disease (PAD) in the lower 

limb to induce swirling flow in the stented arteries. Early results show better outcomes when compared to 
straight stents [1]. Straight stents, due to their geometry, disrupt the native swirling flow that exists in the 
arteries; thus, it is hypothesized that the helical shape of these new stents restores part of the native swirling 
flow. This could enhance arterial wall shear stress and improve treatment outcomes. In a previous study in 
vitro, we used contrast-enhanced ultrasound (CEUS) velocimetry (echoPIV) to characterize flow in the inlet 
and outlet of a helical stent model [2]. We showed that in comparison with the inlet, the flow in the outlet 
of the helical stent is more complex and the velocity profile is more skewed, two signatures of a swirling 
flow. In this study, we report flow characterization inside a helical stent in vivo, in a patient who had received 
the stent. 

Methods 
This retrospective study was approved by the ethical board NL80130.091.21. Initially, fifteen patients 

had received the BioMimics 3D helical stent (Veryan Medical, Horsham, UK); however, only one patient 
(male, 57 years old) was eligible and provided informed consent. Prior to contrast-enhanced ultrasound 
(CEUS) imaging, an intravenous injection of 0.75 mL Sonovue microbubbles was given to the patient 
(Bracco, Milan, Italy). Next, high-frame-rate CEUS acquisitions were made using Verasonics Vantage 256 
(Kirkland, WA, USA) at 4 MHz and 2000 frames per second, for three seconds.  

The data was collected in the upstream, downstream, and middle of the stent in two different leg 
postures, flexed and straight. After singular-value-decomposition (SVD) filtering, the acquired images were 
postprocessed to generate vector fields using a correlation-based echoPIV algorithm [3]. As it turned out, 
among the six processed image sets, only in three cases — inlet and middle of the straight leg and middle 
of the flexed leg — the ultrasound signal was strong enough for the data to be processed into vector fields. 
In these cases, twelve regions were selected for analysis, and vector complexity (VC) and skewedness were 
calculated for each case. VC is defined as [4] 
𝑉𝑉𝑉𝑉 = 1 −��̅�𝑥2 + 𝑦𝑦�2                     (1) 
where 

�̅�𝑥 = 1
𝑛𝑛
∑ cos𝛽𝛽𝑖𝑖𝑛𝑛
𝑖𝑖=1

 (2a) 

 𝑦𝑦� = 1
𝑛𝑛
∑ sin𝛽𝛽𝑖𝑖𝑛𝑛
𝑖𝑖=1   (2b) 

𝛽𝛽𝑖𝑖 = tan−1(𝑣𝑣𝑖𝑖 ,𝑢𝑢𝑖𝑖).  (2c) 

Here, 𝑢𝑢𝑖𝑖 and 𝑣𝑣𝑖𝑖 denote the axial and lateral velocity of each vector 𝑖𝑖 within the selected region. In this study, 
we modified the definition of 𝛽𝛽𝑖𝑖  (2c) to 
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 �̂�𝛽𝑖𝑖 = tan−1(𝑣𝑣𝑖𝑖/𝑢𝑢𝑖𝑖) (2d) 

so that all vectors are mapped into the first and fourth quartiles of the unit circle, not taking into account 
vector complexity due to the change in the direction of the blood flow. We called this definition modified 
vector complexity (MVC). Skewedness (S) was defined as the location of the maximum velocity in the 
velocity profile with respect to the centerline of the selected region in mm [5]. To calculate S, each region 
was first rotated so that its centerline matched the horizontal line (x-axis). Note that S can accept positive 
and negative values.   

Results and Discussion 
Figure 1 shows the time-averaged vector fields (over three cycles) in the three analyzed image sets. As 

only the shape and relative magnitude of the vector fields are important to calculate MVC and S, the 
magnitude of the vectors is not shown here. In Fig. 1-(a), it can be seen that there is a region with a more 
complex vector field. As the figure on the right of Fig. 1-(a) reveals, in that location, the stent inlet was 
misplaced a bit, causing extra flow patterns to (deviations from the streamlines in the native vessel) to form. 
In overall, twelve regions are marked and numbered for analysis. As Fig. 1 shows, Regions 1-3 are in the 
proximal of the stent, straight leg; Region 4 is at the inlet and inside the stent, past the spot of the misplaced 
stent, Regions 5-8 are inside the stent, straight leg; and Regions 9-12 are inside the stent, flexed leg.  

Figure 2 shows the analysis result for each region with its respective number. First of all, in Fig. 2-(a), 
it can be seen that MVC is the highest at the stent inlet in the straight leg, past where the stent does not have 
full apposition. This was predictable by looking at the shape of the vector field in Fig. 1-(a). S is, however, 
the lowest in this region, as Fig. 2-(b) shows. MVC in the regions proximal of the stent are generally lower 
than the regions inside the stent, both in the straight and flexed leg. This can be seen in Fig. 2-(c), where the 
data is averaged over Regions 1-3, 5-8, and 9-12, showing mean value of the data and its standard error in 
each case, corresponding to Fig. 1, (a)-(c). Region 4 is excluded from the average as an outlier. 

In Figure 2-(b), one can see that S changes signs from one location to the next inside the stent. This 
behavior is expected from a strong helical flow, causing the maximum velocity of the flow to move from 
one side to the other as it progresses through the stent. This was reported in a simulation study of a curved 

Figure 1. The shape of the time-averaged vector fields (output of echoPIV) in the superficial femoral artery (SFA), 
stented with a Biomimic 3D helical stent: (a) straight leg, upstream of the stent, (b) straight leg, middle of the stent, 
(c) flexed leg, middle of the stent. On the right side of (a), a CT scan of the stent shows that the inlet of the stent had 
malapposition, causing extra flow patterns to form as shown by the arrow in (a). The twelve regions analyzed for 
vector complexity and skewedness are shown as masks over the images. The brighter region of each image is the 
strong average signal due to the contrast bubbles, clearly showing the boundaries of the SFA. 
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tube in [6], where the maximum velocity also moves in the cross section of the tube as flow progresses. In 
[2], where we only looked at the flow in the proximal and distal of the stent, this change in the sign of S was 
not observed. This is due to the fact that at the outlet of the stent, the swirling flow is already dampened; 
yet, inside the stent, it keeps being induced by the shape of the stent. Therefore, inside the stent, in both 
straight and flexed leg, variations in S and its sign are noticeable. Note that S in the proximal of the stent 
(Region 1-3) does not vary much, but it is not small. This may be due to the native geometry of the vessel, 
which is not completely straight.  

Although echoPIV was not feasible in the remaining datasets due to weak ultrasound signal in deep 
tissue, in the three cases discussed above, echoPIV enabled quantifying the blood flow inside and in the 
proximal of the helical stent. 

Conclusions 
Our analysis shows that the helical stent causes the blood flow to have higher vector complexity (VC) 

and variations in skewedness (S) when compared to the proximal of the stent. Higher VC and S are 
signatures of swirling flow. To achieve these results, we applied contrast-enhanced ultrasound velocimetry 
(echoPIV) to characterize flow inside a helical stent in vivo. This study shows that echPIV enables 
quantifying the flow and the shape of the vector field in the proximal of and inside the stent. Despite the 
fact that echoPIV was not feasible in some of the datasets due to being deeper in the tissue, this study shows 
that echoPIV is a suitable tool to quantify and analyze how blood flow behaves due to the implantation of 
stents. Further studies on swirling flow inside helical stents, including more patients are warranted. 
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Introduction  
Most of the artificial microswimmers up to date, whether they are bio-inspired, acoustically, or 

magnetically driven, do not go faster than their biological counterparts. This can become an issue if we want 
an efficient way to transport cargo through the blood vasculature for targeted drug delivery. Indeed, most of 
the artificial microswimmers are too slow to go against the blood flow and are advected. Passive advection 
of micro or nanocarriers results in only 1% of them successfully reaching a target [1]. Thus, it would become 
necessary to develop faster microswimmers to gain efficiency and selectivity. 

It has been demonstrated in previous studies [2,3] that an ultrasound contrast agent (UCA) can swim via 
a pressure-driven instability activated at a frequency of order 1 Hz. The swimming mechanism is represented 
in Figure 1. When subjected to a pressure wave of varying amplitude at a given frequency, the UCA will 
buckle when the amplitude of the pressure wave reaches a critical pressure. Then if the amplitude of the 
wave is lowered back to ambient pressure, the UCA will deform back to the spherical shape. Such a 
deformation cycle done at a frequency of 1 Hz is responsible for a swimming motion with a net displacement 
of around one-third of the UCA radius per cycle [4]. If this net displacement per cycle is fixed for one type 
of UCA and does not depend on the wave's frequency, then increasing the frequency should increase the 
speed of the microswimmer as more cycles can be done in the same amount of time. However, a question 
remains. Does this pressure instability hold at high frequencies? Some papers have shown indirect evidence 
of what they call buckling during insonification of  UCA in the kHz range [5]. In addition, simulations have 
demonstrated that the kHz range would be optimal for the swimming of the UCA [4]. Thus, I will explore 
experimentally with the homemade setup that I designed, the effect of an ultrasound wave at a frequency of 
around 20-40 kKz on the buckling of different types of UCA. 

 
 

 
Figure 1. Example of a pressure cycle at 1 Hz by increasing external pressure to buckling pressure, then 

decreasing pressure again to atmospheric pressure. The scale bar is 5 µm. 
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Methods 
Homemade and commercial UCAs were probed by the experimental setup depicted in Figure 2. 

Homemade UCAs have a compression modulus χ2d of 4 N/m and the commercial ones (SonoVue® Bracco 
Spa, Milan, Italy) of 0.5 N/m. A rectangle glass capillary (CM scientific) used as a flow cell is connected 
to, on one end a Falcon microfluidic reservoir of 15 ml (Fisher Scientific, USA) where the UCA are put in 
saline solution, and the other end is plugged into a valve. The reservoir is connected to an Elveflow® 
pressure controller (Elvesys®, France). At the beginning of the experiment, the valve is open to allow the 
UCA to flow into the cell, and then it is closed. The glass capillary is placed horizontally in a tank full of 
water in such a way as to be in an antinode of the tank at the frequency of the transducer. The transducer 
(TC1026, Teledyne RESON, Slangerup, Denmark) is on one side of the tank and can emit frequencies 
between 16 to 37 kHz. The UCAs are excited by the standing wave and their deformations are looked at 
through a microscope Olympus® BX51 with a 60x water-immersible objective (Olympus® LUMPlanFL 
N, Japan). Positioning the tank under the microscope was ensured by the removal of the stage and the 
condenser. 

 
 

 
Figure 2. Experimental setup. The flow cell represented by a blue rectangle with a UCA inside is 

connected to a pressure controller and a valve on the other end. 
 

 

Results 
Previous simulations have shown that multiple parameters were to be considered to make the UCA swim 

faster. Firstly, the exciting pressure wave frequency and the compression modulus χ2d of the UCA [4]. In 
Figure 3, the amplitude of the pressure is set to 800 mbar and the frequency is varied for different 
compression modulus. For each case, the speed increases up to a point before collapsing. The UCA with a 
χ2d of 2 N/m goes faster and its speed collapses after the one with a χ2d of 0.5 N/m. In the case of the χ2d of 
4 N/m, it does not go faster than the χ2d = 2 N/m because the 800 mbar of amplitude is below its buckling 
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pressure. Experimentally, we will check if we see buckling and swimming for an exciting ultrasound wave 
of around 20-40 kHz. The experience is still underway.  

 
 

Figure 3. The estimated swimming velocity is a function of the varying excitation frequency for three 
different compression moduli χ2d = 0.5, 2, and 4 N/m with the amplitude of the pressure wave fixed at 800 
mbar [4]. 

 

Conclusions 
We are about to confirm experimentally that buckling is possible in the kHz range. This would lead to 

making the UCA swim faster and possibly make them move up the bloodstream.  
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Introduction  
Microbubbles are the main ultrasound-enhanced contrast agents (UECAs). However, they are highly 

sensitive and their lifetime is quite short.1 The key issue in developing high-quality UECAs is to find a 
balance between the lifetime of the bubbles inside the body and their echogenicity. Both parameters depend 
on the nature of the gas core and the mechanical properties of the shell. Here we present the micropipette 
aspiration technique to characterize protein-coated bubbles.2  

Methods 
The micropipette aspiration technique has long been used to examine incompressible vesicles, such as 

emulsions and living cells.3 However, when it comes to compressible bubbles, current models are inadequate 
for analysis. To address this limitation, we have developed a model that accounts for the compressibility of 
bubbles, derived from the existing model for incompressible vesicles. Moreover, we have introduced a 
sealing parameter (Q) to characterize the gas leakage through the bubble membrane. 

By exerting a pressure differential between the micropipette and the membrane of the bubble, we 
aspirate a tongue into the pipette. This action effectively increases the surface area while maintaining a near-
constant volume. By measuring the length of the tongue over time, we are able to characterize both the 
mechanical properties (elastic modulus and surface viscosity) of the membrane and the gas permeability. 

Results 
The primary outcome of our study entails the introduction of a sealing parameter denoted as Q. For 𝑄𝑄 ≫

1, the stationary tension exhibited by the membrane adheres to Laplace's law. Conversely, for 𝑄𝑄 ≪ 1, the 
stationary tension diminishes substantially and declines in proportion to Q. It is worth noting that this 
particular range of behavior has never been observed in lipid membranes adorned with protein pores. 

Conclusions 

The micropipette aspiration technique is employed to assess the mechanical properties of protein-
coated gas bubbles. This technique allows for the determination of a sealing parameter (Q), which is crucial 
for evaluating gas permeability.We successfully tested this new micropipette aspiration model on a new 
type of microbubbles. This new model will be useful in developing and testing microbubbles for i.e. UECA 
in a range of biomedical applications, including drug delivery and tissue engineering. These well-
characterized bubbles hold promising potential as UECAs in a range of biomedical fields for various 
biomedical applications, including drug delivery and tissue engineering. 

 
Figure 1. (A) Schematics of the micropipette aspiration experiment. (B) A bright-field microscopy 

image of aspirated protein-coated bubble.2  
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Introduction:  
In the medical field, the controlled use of cavitation induced by ultrasound in the presence of 

microbubbles presents a promising avenue for targeted drug delivery. Cavitation, is a critical phenomenon 
that must be finely tuned to ensure the safety and efficacy of ultrasound mediated therapies. This study aims 
to elucidate the cavitation characteristics of monodisperse versus polydisperse microbubble populations to 
improve control in drug delivery applications.  

Objective:  
The primary objective of this research is to answer to the following question: Can the cavitation behavior 

of monodisperse microbubbles be more precisely controlled compared to polydisperse microbubbles, 
thereby enhancing the predictability and safety of ultrasound-mediated drug delivery systems. 

Methods:  
Monodisperse microbubble populations were synthesized with a primary size distribution analogous to 

the mean size of the polydisperse microbubbles to facilitate direct comparison. The polydisperse samples 
were composed of four distinct microbubble contrast agent solutions, each with a different mean diameter, 
to cover a broad resonance frequency spectrum. 

The experimental setup comprised a calibrated ultrasound system designed to evaluate the cavitation 
behavior of microbubbles. We measured the resonance frequencies and cavitation thresholds of both 
monodisperse and polydisperse microbubble populations. For resonance frequency determination, we 
employed the attenuation method in a transmit-receive mode, utilizing a series of single-element transducers 
with varying frequencies to identify the resonant peaks of the microbubbles. The transducers were carefully 
selected to match the expected resonance range of the microbubbles, ensuring accurate and sensitive 
detection. 

To assess the cavitation properties of the microbubbles, we utilized a single-element transducer 
operating at 1 MHz for transmission (50 cycles pulse). This frequency was chosen because most drug 
delivery research, including studies on blood brain barrier opening, is conducted at this frequency range. 
For cavitation threshold measurements, the transmit and receive transducer were positioned orthogonally at 
90 degrees to each other to capture the acoustic emissions from the microbubbles. For receive, a 2.25 MHz 
single element transducers were used. This setup was designed in detecting the onset of both stable and 
inertial cavitation events. The cavitation index was derived by analyzing the spectrum of the scattered 
ultrasound signal, with particular attention paid to the subharmonic frequencies indicative of stable 
cavitation and the broad band noise associated with inertial cavitation. The acoustic pressure levels were 
incrementally increased from 100 to 800 kPa, and the corresponding cavitation activity was recorded. This 
method allowed for the precise determination of the pressure threshold at which cavitation commenced for 
each microbubble population.  
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Results:  

The resonance frequency of the various monodisperse microbubbles extended from 2 to 5 MHz while 
the 4 polydisperse microbubbles had resonance frequencies of 3, 3.5, 4 MHz and above 8 MHz. As expected, 
our findings indicate that monodisperse microbubbles exhibit a narrower resonance curve and a higher 
quality factor (Q-factor), suggesting a more predictable and stable response to ultrasound excitation. In 
contrast, polydisperse microbubbles showed broader resonance curves and lower Q-factors, leading to a less 
controlled cavitation response. The cavitation thresholds measured corroborated these observations, with 
monodisperse microbubbles demonstrating uniform behavior and polydisperse samples exhibiting a wide 
variability. The results showed also that for the same resonance frequency, the inertial cavitation of the 
monodisperse samples initiates at much higher applied acoustic pressures than for polydisperse 
microbubbles of the same resonance frequency. Also, the stable cavitation characteristics in terms of the 
threshold is relatively consistent for monodisperse microbubbles, as they all resonate similarly under the 
acoustic field as they are excited below their resonance frequencies. For polydisperse microbubbles, the 
threshold varies, with some bubbles entering stable cavitation at different acoustic pressures due to their 
size dispersity. 

Conclusion:  
The study confirms that monodisperse microbubbles offer superior control over cavitation phenomena 

due to their consistent size and resonant properties. This predictability is paramount for the safe application 
of ultrasound in drug delivery, where precise dosing and minimal off-target effects are critical. To validate 
these results, additional investigations involving cell cultures and animal models are planned. 
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Introduction  
The dynamics of ultrasound-driven coated microbubbles have been primarily investigated in unbounded 

fluids. The resonance behaviour of these free microbubbles is well-described by Rayleigh-Plesset-type 
equations, where the nonlinear effect of the shell can be described by the Marmottant model [1]. However, 
when microbubbles are located in capillaries, which have a typical diameter of approximatley 4 to 8 µm [2], 
the assumption of an unbounded fluid no longer holds. To increase the sensitivity of diagnostic and 
therapeutic ultrasound, the resonance behaviour of microbubbles in small vessels should be understood.  

Few experimental studies have been performed on microbubbles confined in capillary tubes, and these 
were mainly based on optical high speed imaging [3]–[5]. Existing experimental studies typically use rigid 
capillaries, and/or high pressures for therapeutic applications. Up to now thus, mainly numerical studies 
have been performed on the effect of soft viscoelastic confinement on the resonance of microbubbles at low 
diagnostic pressures. These studies show that confinement of bubbles in rigid vessels decreases the natural 
frequency, while the frequency is increased in the case of compliant vessels. The resonance frequency is 
predicted to depend on both vessel size and vessel stiffness [2], [6]–[8]. These numerical studies, however, 
still require experimental validation and do not take into account the effect of the bubble shell on the 
resonance behaviour. 

To gain insight into the resonance behaviour of microbubbles confined in capillaries for diagnostic 
ultrasound, we propose to use a combination of optical and acoustic measurements. We study both the effect 
of vessel diameter and vessel stiffness on the natural frequency. Moreover, to overcome the limitation of 
small SNR at lower ultrasound pressures relevant for diagnostic ultrasound, we will be using monodisperse 
bubbles which we characterize using both chirps and short imaging pulses. 

Methods 
The experimental setup used to study the microbubble dynamics both optically and acoustically is shown 

in Fig. 1A. For the optical measurements the phantom is illuminated from the left. A high speed camera 
together with a microscope are used to record the oscillations of the microbubbles during ultrasound 
actuation at a framerate of 10 million frames/s. The GE C1-6D ultrasound transducer is used to transmit two 
types of ultrasound waveforms: a broad band imaging pulse and a down-chirp covering a frequency range 
equal to the bandwidth of the transducer, i.e. from 6 MHz down to 1 MHz. These waveforms are shown in 
Fig. 1C. The nonlinear behaviour of the bubbles is investigated through a pulse inversion pulsing scheme.  

Capillary phantoms with diameters ranging from 15 too 100 μm are created in an optically and 
acoustically transparent polyvinyl chloride plastisol (pvcp).  The stiffness of the PVCP can further be tuned 
to investigate the effect of increasing elasticity on bubble resonance. Measurements are performed using 
both hollow glass beads and monodisperse microbubbles as acoustic scatterers. The hollow glass beads are 
used as linear reference. 

Results 
The first acoustic measurements of microbubbles and hollow glass beads flowing through a tube with a 

diameter of 100µm are shown in Fig. 1. Fig. 1C and E show the Fast Fourier Transform (FFT) of the acoustic 
responses measured when using the imaging pulse and chirp, respectively. Differences can be seen between 
the microbubble response and the glass beads response. The microbubbles show a smaller response at lower 
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frequencies than the linear beads when insonified by a chirp, while the microbubbles show a slightly smaller 
response at higher frequencies when driven by a broad band imaging pulse.  

Figure 1. A) Schematic overview of the experimental setup (top view). Imaging pulse (B.) and chirp 
(D.) transmitted by GE C1-6D transducer. Fast Fourier transform (FFT) of the imaging pulse (C.) and chirp (E.) 
scattered by the hollow glass beads and microbubbles flowing through a 100 µm tube. 

Conclusions 

We have produced capillary vessel phantoms that are optically and acoustically transparent. The tubes have 
diameters below 100 µm and can be perfused with a microbubble solution. The first acoustic measurements 
show differences between the signal received from the microbubbles and the glass beads. This method will 
be further developed to investigate the resonance behaviour of microbubbles in viscoelastic capillaries.  
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Introduction 
The periodic collapse of gas microbubbles in a liquid at the focus of an ultrasonic field leads to the 

emission of broadband radiation, known as multi-bubble sonoluminescence (MBSL). Due to the chaotic 
conditions within a bubble cloud, quantitative study of this emission has typically been carried out on a 
single bubble, SBSL. That is however, typically considered to be a different regime in terms of the collapse 
dynamics and sonoluminescence emission. The conical bubble cloud structure generated by a kHz horn can 
contain several thousand bubbles, each with an equilibrium radius of ~5 µm, and a maximum radius of ~40 
µm [1]. The efficiency of photon generation in MBSL has been found to be significantly lower than in SBSL 
[2]. As individual bubble flashes are not synchronised, time-correlated single photon counting can be used 
to obtain the flash duration for a statistically average bubble [3]. High speed imaging can only resolve bubble 
clusters [4], and has shown that bubble flashing is distributed inhomogenously across the cloud [5]. 

 Here we show, through photon number statistics, that an estimation of the photon flux from a single 
bubble within a multi-bubble cloud, can be extracted by imaging the emission under an ultrasonic horn tip 
onto a photon number resolving camera. An emission rate of ~75 photons/s is found from the full conical 
bubble structure. A photon flux of 0.6–1.0 photons/s is estimated for a single bubble within the cloud. 

Sonoluminescence has been suggested as a possible mechanism for sonodynamic therapy [6] but 
remains controversial. This work is a step towards ascertaining if the photon flux from cavitating bubbles 
in the MHz domain can photoactivate drugs coated on microbubbles, as is currently performed by a laser in 
photodynamic therapy (PDT). 

Methods 
A 20 kHz ultrasonic horn can be used as a benchtop reactor for sonoluminescence imaging with a 

scientific grade camera [7]. We constructed a homebuilt system comprising a Sonicator with a 6mm horn  
(Fisher Scientific FB120) inserted in a 3d-printed tank, filled with ultrapure water, and imaged using a 4f 
fused-silica aspheric lens 1:1 relay (f=50) onto a photon counting camera (QCMOS, Hamamatsu). Photon 
statistics of broadband light can be analysed by reducing degrees of freedom such as polarisation, spatial 
modes, and spectral modes [8]. Filtering of the emission to statistically isolate a single bubble was achieved 
by inserting filters in the Fourier plane of the optical path. 

Quantum retrodiction is a method which back-propagates quantum mechanics, i.e. photon modefunction 
evolution in time [9], and gives the most likely initial quantum state given a measurement result and prior 
knowledge. We use this to correct for background noise, and to recover the photon statistics of the light 
emitted from the bubble cloud. Alongside the Fourier filtering, this allows us to determine the photon 
emission statistics of a single (statistical) bubble, which we find to be compatible with thermal emission. 

Results 
Assuming that each photon is emitted as a spherical wave, the total number of unfiltered photons emitted 

by the bubble cloud (accounting for detector efficiency and solid angle) is ~75 photons/s. For photons 
filtered sufficiently spectrally (temporally) and spatially (using a 6 mm iris and 35 nm bandpass filter 
centered at 469 nm), the photon emission rate for a single (statistical) bubble is found to be 0.6–1.0 
photons/s. 
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Figure 1. Schematic of the acoustic-luminescence setup, with 20kHz ultrasonic horn sonotrode (US) 
producing a bubble cloud, Fourier plane spatial/spectral filtering (F), and photon counting camera (Q). 
 

Figure 2. Retrodicted photon emission probability of a single (statistical) bubble into the solid angle of 
the optical system. 

Conclusions 
Optical imaging, and photon statistics have successfully been used to determine the photon flux of a 

single bubble in a horn-generated chaotically-cavitating MBSL cloud. 
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Introduction 
In the past years, there has been a growing interest in investigating ultrasound-based therapies for 

applications such as embolotherapy [1] and targeted drug delivery [2]. The use of ultrasound-activatable 
agents like microbubbles has shown great potential in terms of specificity of the treatment and reduction 
of the needed ultrasound peak pressure. Acoustic Droplet Vaporization (ADV) is an emerging technique 
that employs ultrasound-activatable phase-change micron- and sub-micron-sized liquid droplets as 
cavitation nuclei. The liquid cores act as precursors of microbubbles, providing longer in-vivo circulation 
lifetimes and the possibility for the nanodroplets to naturally extravasate through the leaky vasculature of 
tumor tissues, which is advantageous for targeted drug delivery. Moreover, droplets are activated only if a 
defined ultrasound negative pressure value (usually referred to as vaporization threshold) is reached, 
providing an almost neutral behaviour below the threshold value and a strong response above it.  

Here, we present a novel insight into the physics of the acoustic interaction between ultrasound and 
droplets by highlighting the significant role played by the compression phase of the ultrasound wave in 
generating tension within the droplet. We theoretically and numerically demonstrate that a so-called Gouy 
Phase Shift can occur in the acoustic focal point of the droplet, leading to a sign reversal of the incoming 
pressure wave. In this way, tension in the liquid can arise due to the tight focusing of a purely compression 
wave, potentially achieving cavitation without the need of a rarefaction phase. The narrow compression 
peak of distorted ultrasound waves, created by nonlinear propagation within the medium surrounding the 
droplets, are found to have a primary role in the creation of localized tension regions in the droplet bulk, 
since they typically undergo highly pronounced phase shifts. 

The results are supported by ultra-high-speed visualizations showing the localized nucleation location 
in the droplet bulk in correspondence to the calculated global pressure minimum.  

 

 
Figure 1. Snapshots showing acoustic vaporization of a perfluoropentane droplet. The incident peak 

negative pressure is P = -5 MPa, and the wave fundamental frequency is f0 = 5 MHz. 
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Methods 
Experimental Setup 

The droplets used in the experiments are composed of perfluoropentane (C5F12) liquid cores stabilized 
with fluorosurfactant (CapstoneTM FS-30). To ensure monodispersity of the population, a custom-made 
flow-focusing microfluidic device is used to produce the emulsion.  

A 5 MHz high-intensity focused ultrasound transducer is used to initiate vaporization. The acoustic 
pressure waveform is recorded at the transducer’s focal point using a 75-µm needle hydrophone. The 
time-resolved vaporization process of a single droplet upon ultrasound exposure is imaged using a custom-
built ultra-high-speed videomicroscopy facility composed of a 200X magnification microscope coupled 
with a 10 million frames per second high-speed camera (Shimadzu HPV-X2). The droplet sample is kept 
on an agarose platform immersed in a water bath at 40 °C, at the location of the transducer’s focal point. 
The experimental nucleation location is then extracted from the video frames. Snapshots of a typical 
vaporization experiment are shown in Fig. 1. 

 
Simulations  
      Simulations of ultrasound wave propagation within the droplet are performed with k-Wave MATLAB 
toolbox [3]. Due to the small size of the droplet (9.0 µm) with respect to the transducer focal area, the 
incoming wave is regarded as a plane wave, with a pressure variation over time provided by the 
hydrophone measurements. Thermodynamic parameters for perfluoropentane and water are extracted from 
the NIST database [4]. The results of the simulation show very good agreement with the theoretical 
solution, originally formulated by Anderson et al. [5] and adapted to our test case.  
 
Theory 
      Gouy phase shift indicates the variation in phase, which is increasingly obtained by a focusing beam in 
close proximity of the focal point. Gouy phase shift has been originally discovered in the field of optics, 
although the physical principle applies to all kind of waves. Direct observation of the phase shift for a 
converging pressure wave has been performed recently [6]. For a Gaussian beam, an analytical expression 
of the phase shift can be obtained as ∅(𝑧𝑧) = 𝑡𝑡𝑡𝑡𝑡𝑡−1(𝑧𝑧 𝑧𝑧𝑅𝑅⁄ ), with z being the distance from the focal point 
along the propagation axis and 𝑧𝑧𝑅𝑅  the Rayleigh length, expressed as 𝑧𝑧𝑅𝑅 = 𝜋𝜋𝜋𝜋𝑤𝑤02 𝑐𝑐⁄ , with f and c being the 
frequency of the wave and the phase velocity respectively and 𝑤𝑤0 the beam waist at the focus. As can be 
seen from the expression for ∅(𝑧𝑧), a wave travelling from 𝑧𝑧 ≪ 𝑧𝑧𝑅𝑅 to 𝑧𝑧 ≫ 𝑧𝑧𝑅𝑅 will undergo a phase shift of 
∆∅ = 𝜋𝜋, meaning that the wave will reverse its sign. When focusing a wave with a harmonic content 
included between 5 MHz and 50 MHz travelling in perfluoropentane (sound speed 𝑐𝑐𝑠𝑠= 405 ms-1), the 
Rayleigh length assumes values ranging from 𝑧𝑧𝑅𝑅 ~ 100 µm to 𝑧𝑧𝑅𝑅 ~ 10 µm. Since its magnitude is roughly 
of the same order as the diameter of the microdroplets considered in this study and the employed 
ultrasound wave’s spectrum shows significant energy up to 50 MHz due to nonlinear distortion, there is 
the possibility to observe phase shift in the focal point located inside the droplet core. 
 
 

Results 

   Previous works [7] have shown that the acoustic wave is focused inside the droplet bulk, creating a very 
localized tension region in which nucleation is more likely to occur. To assess the distinct contributions of 
the compression and tensile portions of the wave to the global pressure minimum, two different 
calculations are carried out – one limited to the compression and one to the rarefaction phase of the 
original incoming wave. Due to the linearity of the wave equation, the sum of the two solutions 
reconstructs the complete propagation dynamics inside the droplet core. The snapshots shown in Fig. 2, 
captured at the time instant in which the complete solution has a global minimum, present the two partial 
solutions and the undisturbed incoming wave compared with the result of the full simulation. It is worth 
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noting that the rarefaction wave at this instant is focused on the distal side of the droplet (see Fig. 2C).  On 
the other hand, the purely compression solution presents a strong negative pressure in a region consistent 
with the location of the global minimum and with a contribution in magnitude roughly equal to the one of 
the rarefaction solution (Fig. 2D). The position of the pressure minimum is confirmed experimentally by 
the first nucleation locations in the droplet core, presented in Fig. 2B. We believe that the creation of 
tension from a purely compression wave is due to the occurrence of Gouy phase shift during the focusing 
inside the droplet core of the incoming acoustic wave. It is important to notice that the characteristic 
specific acoustic impedance for perfluoropentane is lower than the one for water. Therefore, no change in 
pressure sign is expected for an acoustic wave travelling in the droplet core and reflecting at the interface. 
The characteristic length for the phase shift is the Rayleigh length, which in turn is dependent on the beam 
waist. We numerically estimate the beam waist for the main harmonic components of the incoming wave, 
finding that the Rayleigh length reduces with increasing excitation frequency, reaching values that are 
below the droplet radius considered for the experiments. Therefore, we expect to observe a very 
pronounced phase shift for higher harmonic components. This prediction is confirmed by the numerical 
simulation shown in Fig. 2D, in which the compression portion of the incoming wave, whose harmonic 
content is broader with respect to the rarefaction phase (and thus contains higher frequencies), undergoes a 
clear sign reversal when passing through the focus located in the rear of the droplet. Later, the generated 
tension wave is refocused on the proximal side, where the global pressure minimum is reached. 

Figure 2. Computed pressure fields inside the droplet and in its surrounding at the time instant in which 
the global minimum in pressure is reached. The gray shaded areas show the droplet position. Axial symmetry 

is assumed in all the calculations. The dashed and solid lines in A, C and D represents the pressure on the 
droplet centerline. (A) Comparison between the undisturbed incident wave (black line) and the effect of 

introducing a droplet in the calculation domain (gray line). (B) Pressure map on the droplet center plane with 
the experimentally detected nucleation spots. (C) and (D) Purely rarefaction and compression solution 

compared with the full solution. It can be observed that the location of the global minimum is dictated by the 
compression solution due to phase shift of the compression peak.  
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Conclusions 
      In this work, we demonstrate the significance of the compression phase of an ultrasound wave in 
acoustic droplet vaporization. We show that the distorted compression part of the incoming wave, which 
includes a broader spectrum of frequencies, presents a pronounced phase shift while crossing the focal 
point. The extent of such a shift is sufficient to change the sign of the wave, actively creating a tension 
region in the droplet bulk. The rarefaction part of the wave does not present the same behaviour, and sign 
reversal is not expected. Therefore, we believe that new parameters to define the vaporization threshold 
should be considered, as the minimum pressure alone does not effectively represent the rich dynamics 
occurring in the droplet bulk in the case of distorted waves. This finding also opens a new avenue for 
optimizing the acoustic driving for micro- and nanodroplets, with the possibility to achieve vaporization 
exploiting ultrasound waves with high peak positive pressures and with reduced peak negative pressures, 
thus improving the overall safety of the treatment by effectively reducing the Mechanical Index. 
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Introduction 
Ultrasound-responsive agents, such as microbubbles and nanodroplets, have demonstrated their 

powerful capabilities in theranostics. Micron- and sub-micron-sized droplets have been employed as 
microbubble precursors, since they can be converted into microbubbles upon exposure to ultrasound. This 
phase-change process, called acoustic droplet vaporization (ADV), is a novel technique that can be 
employed for contrast enhanced ultrasound imaging [1], gas embolotherapy [2], targeted drug delivery [3], 
and other ablation techniques such as histotripsy [4] and thermal ablation [5]. Droplets, compared to 
microbubbles, provide increased stability against dissolution, and therefore, longer circulation times in 
vivo [6]. The smaller size of droplets allows them to extravasate deep into the leaky vasculature of tumor 
tissues, thus creating highly localized microbubbles that enable better specificity and targeting for 
therapeutic applications [7].   

 Currently, the incident peak negative pressure (PNP) – commonly known as the acoustic vaporization 
threshold – required to achieve droplet vaporization in vivo are prohibitively high [8]. Therefore, suitable 
techniques need to be devised in order to reduce the vaporization threshold and efficiently vaporize 
smaller droplets. Introducing clusters of droplets and creating droplet aggregations have been shown to 
reduce the required incident pressure for vaporization, as opposed to vaporizing separate, single droplets 
[9, 10]. However, the underlying physics explaining why aggregations reduce the vaporization threshold is 
currently not well understood. Here, we investigate this phenomenon through spatiotemporally resolved 
experiments, and further elucidate which aggregations are desirable for maximum threshold reduction.     

Methods 

A. Droplet aggregation preparation 
Micron-sized droplets containing perfluoropentane (C5F12) liquid core were prepared in-house either 

through amalgamation or a flow-focusing microfluidic device. Lipid solution containing 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC), 1,2-distearoyl-phosphoatidyl ethanolamine-polyethyleneglycol sodium 
salt (DSPE-PEG2000), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene 
glycol)-2000] (DSPE-PEG2000-Biotin) in a 90:5:5 molar ratio, with a concentration of 10 mg/ml, was 
used as the surfactant. Biotinylated droplets were then extracted through gravitational sedimentation, and 
the collected droplets were mixed with a 0.5 mg/ml streptavidin solution to make use of the biotin-
streptavidin conjugation scheme, allowing the droplets to form randomized aggregations.  

B. Experimental setup 
Ultra-high-speed video microscopy was performed to visualize the vaporization dynamics of the 

droplet aggregations. A 60 X Olympus objective was coupled to a tube lens of focal length 600 mm, 
(Thorlabs, TL-600A) to provide a total magnification of 200X. The tube lens was coupled to a high-speed 
camera (Shimadzu HPV-X2) with a recording rate of 10 million frame per second. The aggregations were 
placed in an optically and acoustically transparent 1% w/v agarose chamber, with the chamber positioned 
at the optical focus of the objective and the acoustic focus of the high-intensity focused ultrasound 
transducer (see Fig. 1). High-intensity ultrasound transducers having central frequencies of 5 MHz 
(Precision Acoustics, UK) and 3.5 MHz (Olympus Corporation) were used, and were powered by a 200 W 
amplifier (E&I 1020L) with the signal being provided by an arbitrary wave generator (Teledyne LeCroy 
LW 420B). The agarose chamber was immersed in a water bath that was heated by an immersion heater 
and maintained at a temperature of 37° C.   
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Figure 1. Experimental setup for time-resolved imaging of the vaporization dynamics of droplet 
aggregations. The inset shows snapshots of the vaporization dynamics of a typical multi-drop aggregation, 
with the white arrow indicating the direction of propagation of ultrasound, and the black arrows highlighting 
vapor bubble nucleation. The snapshots are labelled with their non-dimensional times, 𝒕𝒕/𝑻𝑻𝒅𝒅, where 𝑻𝑻𝒅𝒅 is the 

time-period of the incoming ultrasound. Here, the frequency is, f = 5 MHz, and the applied peak negative 
pressure is 𝒑𝒑𝒂𝒂 = 𝟐𝟐.𝟔𝟔𝟔𝟔 MPa. 

Results 
Fig. 2 depicts the vaporization threshold, 𝑝𝑝𝑎𝑎, as a function of the drop radius for single droplets and 

droplet aggregations sonicated with the 5 MHz transducer and maintained at 37° C. It is important to note 
that single droplets having an initial radius less than 6.5 µm did not vaporize in our setup (shaded area in 
Fig. 2), even at the highest applied peak negative pressure (𝑝𝑝𝑎𝑎 = 3.76 MPa). However, Fig. 2(a) shows 
that much smaller droplets were repeatedly and successfully vaporized when they were part of an 
aggregation. Additionally, the figure suggests that the required negative pressure for these droplets is 
lower when they are part of an aggregation. It can be noted from Fig. 2(b) that the threshold of larger 
droplets in an aggregation corresponds well with the threshold for single droplets. It must also be 
emphasized that usually the largest drop in an aggregation, apart from certain exceptions, vaporizes first 
(see also Fig. 3).  

Instants of the vaporization dynamics for different aggregation configurations are shown in Fig. 3. 
Two important points can be highlighted for all three cases. The first nucleation position is quite localized, 
similar to the case of single droplets as predicted by Shpak et al. [11]. This is consistent with Fig. 2(b), 
which indicates that the threshold of the largest drop in an aggregation is equivalent to that of single 
droplet vaporization.  Secondly, subsequent nucleation events seem to occur after the collapse of the initial 
vapor bubble. We hypothesize that once the larger droplet in an aggregation vaporizes, the acoustic 
scattering from the created vapor bubble, and the tension generated by the initial collapse and expansion 
cycle of the first vapor bubble, interacts with the incoming acoustic wave. This creates regions of high 
negative pressure in the smaller droplets of an aggregation, thereby aiding their vaporization at much 
lower incident pressures. 
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Figure 2. Vaporization threshold for single droplets versus (a) the minimum droplet radius in an 

aggregation and (b) the maximum droplet radius in an aggregation. The applied frequency here is f = 5 MHz. 

 
Figure 3: Snapshots of the vaporization dynamics of droplet aggregations labelled with their non-

dimensional times, 𝒕𝒕/𝑻𝑻𝒅𝒅. The blue arrow shows the location of the first nucleation, while the orange arrows 
indicate the location of subsequent nucleation events. The applied frequency is f = 5 MHz. (a) A 2-droplet 

aggregation with the first nucleation location coinciding with the values predicted by Shpak et al. [11]. Here, 
𝒑𝒑𝒂𝒂 = 𝟑𝟑.𝟒𝟒 MPa. (b) A 3-droplet aggregation with 𝒑𝒑𝒂𝒂 = 𝟐𝟐.𝟐𝟐𝟐𝟐 MPa.. (c) A 4-droplet aggregation with 𝒑𝒑𝒂𝒂 = 𝟐𝟐.𝟏𝟏𝟏𝟏 

MPa. It is interesting to note that while the first nucleation spot corresponds with the predictions by Shpak et 
al. [11], the subsequent nucleation locations are arbitrary and not localized. 
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In Figs. 3(b) and 3(c), it can also be seen that the smallest droplet in the aggregation vaporizes before 
certain larger droplets within the same aggregation. It must also be emphasized that not all droplets in an 
aggregation necessarily vaporize, and it is not always the case that the first nucleation event is localized, 
even when localized nucleation is expected [11]. This indicates that there are complex acoustic lensing 
effects in play, with different droplet configurations either promoting or demoting the vaporization of 
droplets. In particular, the orientation of the biggest and the smallest droplet with respect to each other and 
the incoming ultrasound seems to play an important role in lowering the vaporization threshold for the 
smaller droplet. 

Conclusions 
Droplet aggregations were successfully prepared and shown to reduce the required incident peak 

negative pressure for droplets. Once the larger droplet in an aggregation vaporizes, the smaller droplet also 
tends to vaporize at the same applied peak negative pressure. Complex lensing effects due to the physical 
geometry of the configuration, and the acoustic scattering and high pressure generated by the collapse and 
expansion of the first vapor bubble contribute to the subsequent nucleation events. Further numerical 
simulations to study the effect of different droplet sizes in an aggregation, the number of droplets, and 
different aggregation geometries will be conducted to provide deeper insight into the vaporization 
dynamics of droplet aggregations.  
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Introduction  
Perfluorocarbon droplet (PD) emulsions are of increasing interest for their potential in a variety of 

applications in biomedical ultrasound. The liquid perfluorocarbon (PFC) core of PDs can be stabilised by a 
polymer, protein or lipid shell, and can dissolve bioactive gases including oxygen and nitric oxide (NO) [1]. 
PDs are also responsive to ultrasound and can be converted into gas-filled microbubbles through acoustic 
droplet vapourisation (ADV) of sufficient intensity [2]. Subsequent microbubble cavitation can deliver 
mechanical disruption or allow for temporal control in the release of loaded therapeutic molecules. 
Consequently there is extensive interest in the use of liquid PFCs as gas transporters and stimuli responsive 
delivery systems [3]. In the context of antimicrobial therapy, NO is a key signalling molecule known to 
regulate biofilm dispersal. However, conventionally used NO pro-drugs (e.g. glyceryl trinitrate) or direct 
inhalation of the gas can lead to unwanted side-effects. Furthermore,the scavenging and inactivation of NO 
by oxygen-centered species and heme-containing proteins restrict its half-life in biological systems to less 
than 5 seconds [4]. Due to the short half-life and fast diffusion rate in vivo, its localised and controlled 
delivery is yet to be realised. There is also limited research quantifying the loading capacity of PFC droplet 
emulsions. To address these needs, this study aims to quantify the capacity and determine the ADV threshold 
of PD emulsions for NO delivery. 

Methods 

Perfluorocarbon droplet manufacture 
Droplets were manufactured by sonication, emulsifiying a lipid solution with perfluoro-n-pentane 

(PFP, Strem Chemicals, UK) in a two-step process. In the first sonication step, a Model 120 Sonic 
Dismembrator (Fisher Scientific, UK) was used to disperse 1,2-distearoyl-sn-glycero-3-phosphocholine 
(DSPC) and polyoxyethylene (40) stearate (PEG40S) in a 9:1 molar ratio within Dulbecco’s phosphate-
buffered saline (DPBS, Corning). Preceding the second sonication step, PFP was added in a 10:1 or 2:1 
Lipids:PFP volumetric ratio (4.76% and 33.3% v/v PFP, respectively) and vortexed for 15 s to create 
precursor droplets. The second sonication step utilised pulsed sonication (2 s on - 15 s off, duty cycle: 
~11.8%, 60 s total ON time) to make PDs, with a water-ice bath to maintain sample temperature <15 °C, 
necessary due to the low boiling point of 28 °C for PFP. 
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Particle Characterisation 
Particle diameter was measured using a Multisizer 4e Coulter Counter (Beckman Coulter, USA). A 

1:10 dilution in DPBS of each PD sample was added to a 10 ml volume of ISOTON diluent (Beckman 
Coulter, USA). Assuming spherical particle geometry, particle diameter vs concentration was measured.   
Nitric Oxide Loading and Quantification 
Due to the rapid reaction of NO with oxygen, samples were first sparged using N2 gas to remove all dissolved 
oxygen. To prevent foam production, 1 ml aliquots of  PFP droplet emulsion (1:10 and 2:1 Lipid:PFP), 
Lipid-only (DSPC, PEG40S) and MilliQ Water were gently agitated with a N2 headspace for 30 mins on 
ice. Subsequently, an oxygen-free NO-source (400 ppm NO in Nitrogen, BOC, UK) was flowed over each 
sample for 5 min before sealing. The MilliQ water and Lipids only samples were rested at 4 °C for 2 h 
before measuring. The PD samples were left sealed overnight (14 h) at 4 °C prior to measuring.  
NO-oxide (NOx) concentrations were detected by using a chemiluminescence NO analyzer (NOA) (CLD 
88, ECO MEDICS AG, Switzerland). Total NOx (μM) was determined using an instrument-specific 
calibration constant. Briefly, the amount of NO evolved from the test solution was calculated based on the 
calibration curves of the NOA, which were regularly obtained by plotting the NOA signal peaks (volts, V) 
during calibration vs. the introduced amount of NaNO2 standards into the system via nitrite reduction in an 
acidified vanadium chloride solution.  
Determining Acoustic Droplet Vaporisation Threshold 

The ADV threshold of droplet emulsions of varying PFP volumetric will be assessed using a focused 
ultrasound (US) setup. Briefly, a HIFU transducer (H107, 0.5 MHz fundamental frequency, 63.2 mm 
geometrical focus, 64 mm active element diameter, rectangular cut out 22×57 mm, Sonic Concepts Inc., 
Washington, USA) will be used to stimulate a range of PD formulations manufactured with between 5% 
and 50% v/v PFP at a driving frequency of 1.5 MHz, PRF of 5 Hz and 3000 cycle bursts (1% duty cycle) at 
peak negative pressures (PNP) between 0.5 and 4 MPa. PDs will be exposed to US for 60 s at 37 °C.  

Results 
The median diameter of PDs with 4.75% and 33.3% v/v PFP was 0.62 ± 0.25 μm and 1.39 ± 1.17 μm, 

respectively (Fig.1). The NO concentration was measured in water, lipids and both 4.75% and 33.3% v/v 
PFP PD samples, with n=3 for all samples (Fig. 2). The mean NOx concentrations (±1 S.D.) for NO-water, 
NO-lipids, NO-PDs (4.75% v/v) and NO-PDs (33.3% v/v) were 58.9 ±17.7 μM, 129 ± 24.9 μM, 108 ± 11.7 
μM and 109 ± 16.9 μM, respectively. The ΔNOx between NO-water and NO-lipids was 69.9 μM (95% CI 
range 48.3 to 91.4) The ΔNOx between NO-PDs (4.75% v/v) and NO-PDs (33.3% v/v) was 1.04 μM (95% 
CI range -14.3 to 16.4).  

Conclusions 
Both PD and lipid-only samples were able to dissolve a significantly higher concentration of NO than 

water alone. There was a small difference in NOx-concentration between NO-PDs (4.75% v/v) and NO-
PDs (33.3% v/v), suggesting that the lipid component of the PDs may be the key contributor to their NO 
carrying capacity. However, although an oxygen-free environment was maintained, the long incubation time 
for PDs (14h) could have affected the NOx-concentration measured within the samples. Future testing will 
reduce incubation times and assess the effect of a wider range of PFP volumetric concentration. 
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Figure 1. Multisizer data of particle diameter vs. concentration for two types of PD sample 
manufactured with either 4.75% (black) or 33.3% (red) v/v PFP. The median diameter of PDs with 4.75% 
was 0.62 ± 0.25 μm. The median diameter of PDs with 33.3% v/v PFP was 1.39 ± 1.17 μm (mean ± S.D. of 
3 measurements).  
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Figure 2. Chemiluminescence data showing mean NOx concentration. Mean concentrations of NO-
oxides were 58.9 ±17.7 μM, 129 ± 24.9 μM, 108 ± 11.7 μM and 109 ± 16.9 μM for NO-water, NO-Lipids, 
NO-PDs (4.75% v/v) and NO-PDs (33.3% v/v), respectively. ΔNOx of NO-water vs. NO-lipids 69.9 μM 
(95% CI range 48.3 to 91.4). ΔNOx of NO-PDs (4.75% v/v) vs. NO-PDs (33.3% v/v) was 1.04 μM (95% 
CI range -14.3 to 16.4).  
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Introduction  
Low oxygen tension has been shown to decrease bone forming activity and increase bone resorbing 

activity [1],[2]. This imbalance results in decreased or reversed bone fracture healing. It is, therefore, integral 
to restore normal oxygen conditions. Perfluorocarbons are capable of dissolving large amounts of oxygen 
(approximately 50 times that of water)[3]. However, they are immiscible in most fluids and so they need to 
be stabilised by a phospholipid membrane to form particulate carriers – such as nanodroplets. The aim of 
this project was to assess whether the nanodroplets have a non-cytotoxic dose in vitro on cells of osteoblastic 
and osteoclastic lineage. Additionally, to assess whether nanodroplets are capable of delivering oxygen to 
bone cells in vitro. 

Methods 
For nanodroplet fabrication, first lipid films were made by evaporpating chloroform solutions of 18.5 

moles of 1,2-distearoyl-sn-glycero-3phosphocoline (DSPC) and 2.05 moles of polyoxyethylene (40) 
stearate (PEG(40)s) overnight in fume hood. The lipid film was rehydrated using phosphate buffered saline 
(PBS) to create a final total lipid concentration of 4 mg/mL. The resulting solution was then homogenised 
by sonicating continuously for 2.5 minutes at the 40% amplitude setting using a Model 120 Sonic 
Dismembrator with a 3.22 mm diameter sonicator tip. 800 μL of the resulting lipid solution was then placed 
in a 1.5 mL eppendorf with 40 μL of perfluoropentane (PFP), which was then placed in an ice-water bath. 
The solution was then pulse sonicated for 1.5 minutes (total on time) at 60% amplitude with a 2 seconds on, 
15 seconds off pulse regime. Where loaded nanodroplets were used, oxygen or nitrogen was bubbled 
through 300 μL of the nanodroplet solution for 1 minute followed by filling the headspace with oxygen or 
nitrogen for 30 seconds. 

To determine oxygen delivery to cells,  the relative concentration of hypoxia inducible factor-1α (HIF-
1α) in lysates of SAOS-2 cells grown at 1% oxygen were compared to those grown at normoxia in the 
presence and absence of nanodroplets was measured by SDS-PAGE western blot. HIF-1α and β-actin were 
detected using antibody chemiluminescence. The HIF-1α expression was measured using densiometry and 
normalised to β-actin. These results were validated using a vascular endothelial growth factor (VEGF) 
ELISA. 

To test cell viability, alamar blue and DAPI (4′,6-diamidino-2-phenylindole) staining were performed. 
Bone marrow stromal cells (BMSC) and peripheral blood mononuclear cells (PBMCs) were seeded at  
2.5 × 104 and 7.6 × 105  cells/cm2 respectively and placed overnight in an incubator to adhere. The cells 
were then treated with a dilution of nanodroplets (0, 0.01, 0.1 and 1% v/v) and placed in either normoxia or 
hypoxia for 24 or 72 hours. An alamar blue assay was then performed to investigate cell metabolism. DAPI 
staining was also performed on MC3T3-E1 cells to investigate cell proliferation. 
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Results 
HIF-1α concentration in the presence of air-saturated nanodroplets was found to be 71.8 % ± 10.3 

compared ot the absence of droplets in hypoxia  (n = 3, p = 0.0414). Interestingly, this was not observed in 
the oxygen- (113.2% ± 18.6, n=3, P > 0.05)  and nitrogen-saturated (95.8% ± 21.1, n=2)  groups. This may 
be due to nanodroplet instability caused by the oxygen and nitrogen loading processes. However, there was 
no difference in the VEGF expression between the hypoxic control and hypoxic air-saturated nanodroplet 
groups (n = 3).  

The highest concentration (1% v/v) of nanodroplets was found to have a detrimental effect on cell 
viability in normoxia with decreases in metabolism compared to the no nanodroplet control observed in 
PBMC and BMSCs (PBMCs: 83.6% ± 9.5, n = 3 p = 0.0648; BMSC: 86.1% ± 16.1, n = 3, p = 0.0702). In 
MC3T3E1 cells, a decrease in cell proliferation as measured using DAPI was observed in the presence of 
1% v/v nanodroplets compared to the control (see Figure 1). Interestingly, in hypoxia, there were no 
significant decreases in cell metabolism in either BMSCs and PBMCs (97.1% ± 10.3, n = 1; 100.1% ± 16.4, 
n = 3, p > 0.9999 respectively). Below 1% v/v the nanodroplets were found to have increased or no effect 
on cell viability. 

Conclusions 
Nanodroplets were found to have a dose-dependent effect on bone cell viability, with higher 

concentrations usually leading to reduced metabolism and proliferation. Cells treated with 0.01% v/v air-
saturated nanodroplets in hypoxia demonstrated reduced HIF-1α concentration compared to the hypoxic 
control, suggesting the nanodroplets may be effective in relieving the hypoxic conditions experienced by 
the cells. However, further work must be done to understand the effect of gas loading on nanodroplet 
stability . 

 

 
Figure 1. Results of cell proliferation experiments. The number of nuclei counted using DAPI staining 

of the nuclei. The 1% and 0.1% ND are percentage volumes added to the DMEM with 10% FBS. The 
reduced serum was used to demonstrate a growth curve with a reduced growth rate. (n=9). 
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Figure 2. Representative western blot analysing the relative levels of HIF-1α (molecular weight of  

120 kDa) and β-actin  (molecular weight of 42 kDa) 
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Introduction  
2-5% of all bone fractures result in non-union [1]. Growth factors, such as bone morphogenetic proteins 

(BMPs), have been proven to induce bone formation and repair; however, a reliable targeted delivery system 
is needed [1]. Microbubble (MB)-enhanced ultrasound-mediated drug delivery through the vasculature 
offers a promising strategy for minimally-invasive, targeted delivery of bioactive compounds [2]. 
Embryonic chick femurs have previously been used as an ex vivo model to study delivery of bioactive 
compounds during fracture healing [3]. Here, we have designed an acoustically and biologically compatible 
perfusion chamber to house an embryonic chick femur with a fracture to study drug delivery and gene 
transfection ex vivo using ultrasound and microbubbles and MBs. We intend to use this device to study how 
stimulation of MBs loaded with bone specific therapeutics affects the regeneration of bone in the fracture 
model. 

Methods 
Polydimethylsiloxane (PDMS) was used for fabrication of the chamber due to its favourable acoustic 

and optical properties and biological compatibility. The chamber was manufactured by replica moulding. 
Design for the PDMS moulds and holder were created in Autodesk Inventor and 3D printed in polylactic 
acid (PLA). The moulds were then filled with degassed PDMS and cured. Both halves were permanently 
sealed with super glue (Loctite, Westlake, Ohio, USA) containing an embryonic chick femur, isolated at 
day 11, with an imposed fracture (Fig. 1A). Flow through the chamber was enabled by a syringe pump 
connected via 1 mm diameter silicone tubing (Fig. 1B). The system was immersed in a system for acoustic 
transfection (SAT) for ultrasound exposure (Fig. 1B) [4]. 

MBs were generated through sonication of 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 
polyoxyethylene (40) stearate (PEG40s) in a 9:1 molar ratio. The chamber was exposed to ultrasound of 
frequency 900 kHz, duty cycle 30%, and pulse length 300 μs. Peak negative pressures of 0.1, 0.4, 0.7 and 1 
MPa (in the absence of flow) were tested. A peak negative pressure of 1 MPa was used for tests with 
perfusion at flow rates of 1, 2 and 4 mL/min. A peak negative pressure of 1 MPa and a flow rate of 4 mL/min 
were used to test microbubble concentrations of 1.57×106, 7.9×106 and 1.57×107 MBs/mL (100×, 50×, and 
10× dilutions of the stock concentration respectively). The ultrasound response of MBs was detected by 
passive cavitation detection (PCD) using an immersion transducer (5 MHz Imersion Transducer V326-SU, 
Olympus Panametrics, Southend-on-Sea, Essex, UK). From the detected acoustic signals, the 2nd, 3rd and 4th 
harmonics of the power spectrum were isolated and the total power was also compared between experiments. 

Results 
In the no flow condition with increasing peak negative pressures, a corresponding  increase in the 

amplitude of the harmonics was detected at pressures 0.1 (p < 0.05), 0.4 (p <0 .001), 0.7 (p < 0.01) and 1.0 
MPa (p<0.01) indicating successful bubble stimulation within the chamber within a therapeutically relevent 
pressure range. A significant increase was also detected in the harmonics at a peak negative pressure of 1.0 
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MPa and flowrates of 1 (p < 0.05), 2 (p < 0.01) and 4 mL/min (p < 0.001) and this remained steady over 
time, indicating successful perfusion of bubbles through the chamber enabling constant replenishment. 
Similarly, a significant increase was also observed in the harmonics at a peak negative pressure of 1 MPa 
and a flowrate of 4 mL/min at concentrations of 1.57×107 (p < 0.05), 7.9×106 (p < 0.05) and 1.57×106 
MBs/mL (p < 0.05) wth a no significants observed between the various concentrations, indicating successful 
stimulations at therapeutically relevant concentrations, flow rates and pressures. 

Conclusions 
An acoustically compatible perfusion chamber has been designed for the study of enhanced drug 

delivery to an embryonic chick femur using ultrasound and MBs. MBs could be stimulated acoustically and 
their response detected within the chamber at therapeutically relevant acoustic pressures, perfusion flow 
rates, and MB concentrations. This chamber will be used in future research to study the delivery of model 
therapeutics, such as green fluorescent protein plasmids (pm-eGFP,) whose enhanced uptake in bone due to 
ultrasound responsive MBs has been previously observed in vivo [5]. Further to this, the chamber will be 
used to study the delivery of bone specific therapeutics, such as BMP genes, which have previously been 
shown to induce bone regeneration [6]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1. A) Top and bottom halves of the perfusion chamber, moulded in PDMS and containing a 
embryonic chick femur, isolated at day 11 and fixed in paraformaldehyde (PFA), positioned across the 
channel. B) PDMS chamber and housing mounted within the SAT with silicone tubing for perfusion 
inserted. The blue food colouring indicates the perfusion channel through the chamber. The contribution of 
the harmonics to the power spectrum is shown at C) the no flow conditions at peak negative pressures of 
0.1 MPa, 0.4 MPa, 0.7 MPa and 1.0 MPa,; at D) a peak negative pressure of 1.0 MPa and flowrates of 1 
mL/min, 2 mL/min and 4 mL/min; and at E) a peak negative pressure of 1 MPa, flowrate of 4 mL/min and 
concentrations of 1.57×107 MBs/mL, 7.9×106 MBs/mL and 1.57×106 MBs/mL. Data points represent mean 
± SD. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Introduction 
Drug delivery for neurological diseases, such as Alzheimer’s disease (AD), is challenging due to 

restricted diffusion across the blood-brain barrier (BBB). One method for transiently penetrating the BBB 
is ultrasound-targeted microbubble cavitation (UTMC), where focused ultrasound (FUS) is applied to the 
brain as intravenously injected microbubbles (MBs) traverse the microcirculation. We hypothesized that 
opening the BBB with UTMC would increase the brain concentration of an orally administered drug 
previously developed for AD (LY2886721, a β-site amyloid precursor protein cleaving enzyme 1 [BACE1] 
inhibitor) using a murine model of AD. 

Methods 
Male and female 5XFAD mice at 6 months of age (JAX stock#034848) were used in the following 

three  studies. These mice overexpress human familial mutations in the APP and PSEN1 genes resulting in 
an early onset phenotype of accumulation of Aβ plaques in the brain. 

First, to define the pharmacokinetics and half life (t1/2) of the drug,  5XFAD mice (n=8 per sex) 
were dosed with LY2886721 (10 mg/kg p.o.), and blood was collected at 15, 30, 60, 120, 240, and 480 min. 
The concentrations of LY2887821 in plasma and terminal brain homogenates were measured via liquid 
chromatography with tandem mass spectrometry. 

Second, to determine the correlation between plasma and brain drug concentrations, 5XFAD mice 
(n=6) were administered LY2886721 (10 mg/kg or 30 mg/kg p.o.), and terminal brain and plasma samples 
were collected at t1/2 (2.5 h). Simple linear regression and Pearson correlation coefficient were performed. 

In the third series of experiments, we opened the BBB in the right brain hemisphere of 5XFAD mice 
using an RK-50 system (FUS Instruments Inc, Toronto, ON, Canada) equipped with a passive cavitation 
detection probe. Definity microbubbles (0.25 µL/g) (Lantheus, N Billerica, MA) were injected i.v. and FUS 
(1.45 MHz, 2 Hz pulse repetition frequency, 10 ms pulse length, 0.6 MPa for 30 s) was applied to each of 
11 spots across the right hemisphere. The cavitation dose was quantified in the 0.7250 ± 0.0002 MHz 
subharmonic bandwidth. 30 minutes after BBB opening, mice (n=8) were administered LY2886721 (30 
mg/kg p.o.). After 45 minutes, terminal brain hemispheres were collected and analyzed for the concentration 
of LY2886721. A two-sided paired t-test was performed for comparison of UTMC-treated and un-treated 
hemispheres. Significance was defined as p<0.05. 

Results 
The half-life (t1/2) of LY2886721 in 5XFAD mice was determined to be 2.5 h. There was a positive 

correlation between terminal plasma and brain concentrations of LY2886721 across doses in 5XFAD mice 
(r=0.96; R2=0.92). For BBB experiments, the subharmonic cavitation dose was similar across the 11 
treatment spots (Figure 1A). After BBB opening, there was an increase in the concentration of LY2886721 
in the UTMC-treated hemisphere compared to the non-UTMC treated hemisphere (p=0.021; Figure 1B). 
Sex related differences will be discussed. Data on the effect of enhanced LY2886721 with UTMC on Aβ 
plaque burden are forthcoming. 
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Conclusions 
UTMC can be used to open the BBB in 5XFAD mice and increase the brain concentration of 

LY2886721, a BACE1 inhibitor that has previously been reported to decrease pathologic Aβ brain 
concentrations in preclinical studies of AD.  Ultimately, using UTMC to open the BBB and to concentrate 
drugs in the brain may not only enhance the therapeutic effect of otherwise impermeant drugs but also lower 
the systemic dose requirements for therapeutic efficacy, diminishing the risk for toxicity and off-target 
effects.   

Figure 1. UTMC opened the BBB to deliver LY2886721 to the brain. Data represents mean ± SD (n=8). 
*p<0.05. (A) Subharmonic cavitation dose was consistent across the 11 treatment locations in the right brain
hemisphere. (B) There was an increase in brain concentration of LY2886721 in the UTMC-treated
hemisphere compared to non-UTMC treated hemisphere in 5XFAD mice.
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Introduction 

Despite a century of research, oral biopharmaceutical formulations are largely absent in the clinical setting 
[1].  

Ultrasound-mediated gastrointestinal (GI) delivery has recently demonstrated potential to improve 
macromolecule uptake ex-vivo and in-vivo using ultrasound alone [2]. Ultrasound responsive agents, like 
shelled gas microbubbles, undergo volumetric oscillations (or cavitation) when exposed to ultrasound and 
can transiently permeabilise biological barriers to improve drug absorption. These agents could therefore 
potentially promote GI delivery, reduce the ultrasound intensities required, and enable drug encapsulation 
or targeting.  

To the best of the authors’ knowledge, microbubble behaviour in the gastrointestinal tract has not been 
widely investigated. Hence the aim of this study was to assess the stability of microbubbles in simulated 
gastrointestinal media. 

Methods 

Dried films, comprising DSPC and PEG-40-Stearate with a molar ratio of 9:1, were suspended at a 
concentration of 4 mg/ml in simulated gastrointestinal media. Microbubbles, encapsulating room air, were 
generated using a tissue homogeniser. Microbubble suspensions were incubated at 37 °C and the size and 
concentration were measured at timepoints over 24 hours via optical microscopy and image analysis using 
an ImageJ macro.  

The protocol was refined to enable removal of unincorporated lipids and phosphate buffered saline from the 
microbubble suspension via centrifugal washing and then resuspending the microbubble cake in simulated 
gastrointestinal media to solely examine stability rather than formation and stability in the previous protocol. 
Microbubble suspensions were again stored at 37 °C and the size and concentration measured over 24 hours 
via a Coulter counter (Multisizer, Beckman-Coulter).  

Results 

In both studies, the mean microbubble diameter increased over time while the microbubble concentration 
decreased over time which is the typical change of a microbubble population due to Ostwald ripening. In 
the first study, 0.1M Hydrochloric acid (pH 1.2), simulating the acidic environment of the stomach, had a 
statistically significant effect on microbubble concentration, indicating that acidic pH may influence 
microbubble formation during agitation. The subsequent study found no significant changes in concentration 
stability profiles between PBS and simulated gastrointestinal media as seen in Figure 1.  

Work is in progress examining the effect of fasted and fed state simulated gastrointestinal media on 
microbubble stability. 

Conclusions 

DSPC-PEG-40-Stearate (9:1) room air microbubbles manufactured via tissue homogenisation were found 
to be sufficiently stable over a period of 24 hours in biorelevant simulated gastrointestinal media, with 
microbubble concentration remaining above 109 particles/ml.  
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Figure 1. Stability profile of DSPC-PEG-40-Stearate (9:1) room air microbubbles in simulated gastrointestinal media. 
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Introduction 
Most bacteria can live both in sessile (attached) and planktonic (in suspension) states. In their sessile 

state, bacteria undergo phenotypic modifications that allow them to live in surface-attached multicellular 
communities defined as ‘biofilms’, where bacteria are encased in a self-produced matrix of extracellular 
polymeric substances (EPS). Biofilms stratified structure, ability to chemically communicate by quorum 
sensing (QS) and adapt to survive in adverse conditions, determine significantly increased resistance to 
traditional chemotherapy. It has been estimated that up to 80% of chronic human infections are determined 
by surface attached biofilms [1], and oral biofilm-related infections are among the most common diseases 
worldwide.  

The oral microbiota is comprised of both commensal and pathogenic bacteria, that live attached to teeth 
and soft tissue surfaces forming complex and long-lasting biofilms. When the homeostasis of the oral 
microbiota is broken (e.g. due to prolonged exposure to saccharose and low pH), there is a shift in the 
microbial community composition that lead to pathogenic plaque formation. Pathogenic oral biofilms are 
linked to the onset of most infectious oral diseases. Despite some promising anti-plaque methods being 
developed [2], the lack of truly efficacious and widely available therapeutic options to eradicate and prevent 
plaques constitutes an unmet need for safe and effective treatment of oral infections. 

At present, the gold standard treatments for plaque related pathologies, are mechanical debridement and 
planing of the teeth surface and root. Most treatment cycles include surgical removal of the damaged tissue 
and mechanical occlusion of the exposed tissue with specialized resins. Although such treatments can 
effectively limit the impact of dental biofilm-related pathologies, they show several limitations, such as gum 
recession, enamel thickness reduction, root and dentine sensitization, difficulty in debriding / scaling / 
planning of the subgingival and interstitial space, modified enamel and dentine surface roughness following 
treatment, and dispersion of viable bacteria from the biofilm that often lead to secondary infections. 

Streptococcus mutans is a facultatively anaerobic, gram-positive coccus. It is generally a commensal 
bacterium of the oral cavity but when the homeostasis of the microbiome is broken, it can express 
pathogenicity determinants and induce damage to surrounding tissues. At least 25 species of Streptococcus 
are normally present in the oral cavity, but S. mutans is the most prevalent, accounting for up to ~40% of 
the total Streptococci in the oral microbiome. For this reason, monospecies S. mutans biofilms are widely 
accepted as a simple oral-biofilm model in the scientific community, with the caveat that a short lived and 
monospecies biofilm cannot represent adequately the biodiversity and mechanical properties of the plaque, 
and for this reason should be considered as a starting point for optimization rather than a representation of 
the in vivo conditions. 

Given the high human and economic impact of oral biofilm-related infectious pathologies worldwide, 
alternative methods for dental plaque removal are a research area of great interest. In this work we 
hypothesise that ultrasound induced cavitation of gas microbubbles can be employed as an effective 
modality for mechanical removal of oral biofilms from the tooth surface. To test this hypothesis we 
developed an in-vitro apparatus that can apply a well-defined ultrasound field to oral biofilm models grown 
on tooth-mimicking surfaces.   
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Methods 
The work can be divided into three main sections: ultrasonic set-up design and characterization, relevant 

biofilm model selection, and treatment optimization. 
For this work a single species biofilm composed of S. mutans (ATCC-25175, LGC Limited, Queen's 

Road, TW11 0LY, United Kingdom), was grown on a hydroxyapatite (HA) disc (HAD70, HIMED, 148 
Sweet Hollow Road, NY 11804, USA), which was used as a tooth mimicking surface. Bacteria were cultured 
on brain heart infusion (BHI) agar for 48 hours (37 °C, 90% humidity, 5% CO2). A single colony was 
selected from the plate and transferred into 5 ml of BHI spiked with 1% sucrose in 75 mM HEPES (pH 7.5) 
for 24 h. The liquid culture was then diluted to 0.01 OD (600 nm) and seeded over the HA substrate, in a 24 
well-plate. The biofilm was grown statically for 24 h. 

Microbubbles were prepared by dissolving dipalmitoylphosphatidylcholine (DPPC) and 
polyoxyethylene-(40) stearate (PEG40S) in chloroform in 9:1 molar ratio. Chloroform was then evaporated 
and the obtained lipid film redispersed in DPBS:propylene glycol:glycerol (8:1:1 volume ratio) at 85 °C, to 
a final concentration of 1 mg/ml of lipids. The lipid mix was then placed in gas tight 2 ml vials (1 ml of 
suspension in each vial), which can be stored at 4°C for up to a month. For microbubbles production, the 
head space of the vial was saturated with perfluorobutane (PFB), the vial was shaken using a tissue 
homogenizer (Precellys® Evolution Homogenizer, Bertin Exensor UK) for 45s at 10,000 rpm. During the 
production process and after manufacturing, the microbubble suspension must be kept in an ice bath. 
Microbubble concentration and size were estimated using a Multisizer 4e Coulter Counter (Beckman 
Coulter, IN 46268, United States). Microbubbles were diluted to a final concentration of 108 bubbles/ml 
immediately before usage. The obtained microbubbles had a 0.89 µm ± 0.02 µm mean equivalent spherical 
diameter. 

The treatment consisted of submerging the HA disc in ~2 ml of bubbles suspension, in the configuration 
represented in Figure 1B. The disc is placed at the focus of a HIFU transducer (H107,0.5 MHz fundamental 
frequency, 63.2 mm geometrical focus, 64 mm active element diameter, custom rectangular cut out of 22×57 
mm, Sonic Concepts Inc., Washington, USA). Ultrasound (US) parameters for this work were: driving 
frequency of 0.5 MHz, 1000 cycles per burst, pulse repetition frequency (PRF) of 5 Hz, duty cycle (DC) of 
1%, and peak negative pressure (pnp) between 0.2 and 2.0 MPa. Total treatment time was fixed at 60 
seconds. The negative control was treated in the same way as all the other sample but without US exposure. 

Treatment outcomes were evaluated through fluorescence imaging (Nikon Eclipse Ti2 inverted 
microscope, Nikon digital sight 50M camera, CFI Plan Fluor 4X objective, Nikon UK, Branch of Nikon 
Europe B.V.). The bacteria were stained before each imaging session using two DNA binding stain, Syto9 
and Propidium Iodide (PI) (Filmtracer™ LIVE/DEAD™ Biofilm Viability Kit, Fisher Scientific UK Ltd) 
following manufacturer instructions. Excitation and emission wavelength windows used for Syto9 and PI 
were 465-495 nm and 528-553 nm, 515-555 nm and 577-630 nm, respectively. 

After imaging, a custom Python script was developed and used to process the images and evaluate the 
number and area of bacterial clusters covering the HA disc surface. 
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Figure 1. A) Live/dead stained biofilm pre-treatment (in this image only Syto9 channel is shown) B) 
Experimental set-up developed for the exposure of biofilms (grown on tooth-mimicking susbtrates) to 
ultrasound and/or ultrasound-responsive particles and C) Live/dead stained biofilm post-treatment (in this 
image only Syto9 channel is shown). The green area at the centre represents the dimension of the focal 
region (half maximum region) of the US field. 

Results 
We developed a reproducible protocol for S. mutans biofilm formation on a HA surface. The protocol 

yielded a surface coverage of ~ 13.6% ± 3.4. Only clusters consisting of more than ~40 cells (~8 pixels 
diameter) were considered in the calculation, to exclude fluorescent signals coming from “salt and pepper” 
noise, which is hardly discerned from signals from small bacterial clusters at the magnification used in this 
work. 

After some preliminary tests (not presented here), we determined a suitable set of parameter values for 
initial US treatments to be: 108 bubbles/ml, 0.5 to 1.5 MPa pnp, 1000 cycles per burst, and PRF 5 Hz (1% 
DC). As presented in Figure 2 and 3, there is a positive correlation between the total energy of acoustic 
emissions generated by cavitating microbubbles and the percentage of biofilm removed from the substrate. 
Exposure of the biofilm to 0.5 MPa pnp did not affect the biofilm adhesion to the substrate, whereas samples 
treated at 1.0 and 1.5 MPa pnp were significantly different in appearance from the control (which is exposed 
to the same microbubble dispersion for 60 seconds, but without US). 

 
Figure 2. Syto9 stained biofilm post-treatment. Interestingly, at 1.0 MPa pnp, the region showing 

complete biofilm removal overlays with the half maximum focal region of the US field, whereas when the 
pressure is increased to 1.5 MPa pnp the area of removal extends significantly.  
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Figure 3. Biofilm reduction from HA substrate following microbubble cavitation. In the plot, the “X” 

represent a single data point, the diamond represent the mean energy and mean reduction in area covered by 
bacteria for each treatment condition, the brakets represent the mean ± std. pvalue<0.0001 is represented as 
****, pvalue<0.01 is represented as **. 

 

Conclusions 
We demonstrated that exciting microbubbles at low duty cycles and relatively low acoustic pressures 

can mechanically damage biofilms formed on a tooth mimicking hard surface. We also demonstrated that 
the effect of cavitation can be either restricted to the focal spot of the US field or affect a much larger area, 
depending on the peak negative pressure applied. This finding is promising as US induced cavitation could 
improve the removal of plaque in hard-to-reach crevices in the oral cavity. 
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Introduction 
Bacterial biofilms are a major global health concern, responsible for approximately 80% of all recorded 

chronic and recurrent microbial infections. One example of a clinically significant biofilm-associated 
infection is the chronic wound. Biofilms in chronic wounds disrupt the normal healing process, giving rise 
to infection-related morbidity and mortality. Many novel antibiofilm agents have been reported in the 
literature, notably nitric oxide (NO) gas which has shown efficacy in biofilm dispersal and wound healing 
through lipid peroxidation, DNA cleavage, and protein dysfunction but has limited clinical applicability due 
to its short half-life, instability, and fast diffusion rate in vivo. There has also been a growing interest in the 
antibiofilm effects of microbubbles (MBs), with some promising results on NO-loaded MBs; however, the 
antibiofilm efficacy of these formulations have been limited by various drawbacks, e.g. limited stability, 
and burst release over short durations. To overcome these limitations, in this study we evaluate the 
antibiofilm effects of NO donors including propylamine propylamine NONOate (PA-NO) and spermine 
NONOate (SP-NO), which release NO in an acid-catalyzed manner, for the prospective integration into an 
ultrasound-responsive system. 

Methods 
The Griess assay was used to confirm NO release from candidate NONOates and investigate the pH-

dependence of decomposition, investigating pH levels 5.5, 6.5, and 7.5. A chemiluminescence NO analyzer 
(NOA) was used to quantify the total amounts of NO released from NONOates. To assess the antibiofilm 
effects of the NO donor candidates, Pseudomonas aeruginosa (PAO1) biofilms were grown for 24 hours in 
96-well microplates. Biofilms were treated with 250 µM PA-NO and SP-NO at pH levels 5.5, 7.5, and 8.5, 
for 60- and 120-min. Biofilms were then stained with crystal violet solution and absorbance was measured 
to represent total biomass. Antibiofilm efficacy was assessed at both 37 °C and, the more wound-relevant 
temperature, 32 °C. Minimum inhibitory concentration (MIC) and minimum biofilm eradication 
concentration (MBEC) experiments are ongoing to assess the efficacy of antibiotics gentamicin and 
tobramycin in combination with candidate NONOates. The stability of cationic MBs (comprising DSPC, 
DSEPC, and PEG40S) was evaluated for 2 hours at room temperature by measuring MB diameter and 
concentration. The spatial parameters of the acoustic field for a 1.1 MHz focused transducer coupled to an 
Ibidi dish through a water-filled cone, were calibrated to estimate the acoustic pressure delivered to the 
biofilm at the base of the dish. Passive cavitation detection (PCD) tests are ongoing to determine the effects 
of incubation time on microbubble cavitation activity in proximity to a biofilm. 
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Results 
The Griess assay showed decreasing amounts of NO detected as the pH of the NONOate solution was 

increased. No biofilm dispersal was observed after 60-min treatment, at all pH levels assessed; however, 
extending the treatment time to 120 min showed significant biomass reductions for 250 µM PA-NO, and 
SP-NO, at 37 °C and pH 7.5. Assessing biofilm dispersal at 32 °C also showed 120-min treatment with 250 
µM PA-NO and SP-NO at pH 7.5 to be the most optimal conditions for biomass reduction. Initial MIC and 
MBEC data show significantly higher concentrations of antibiotic-only solutions are required to produce an 
inhibitory effect on bacterial cells in biofilm compared to planktonic cells. As NONOate treatment timescale 
requirements were observed to be at least 120 minutes, the effect of a pre-exposure MB incubation period 
of 120 minutes on MB stability was assessed. MB stability studies showed MB diameter increased from 2.2 
µm to 3.3 µm, and MB concentration decreased from 2.3 x 108 MB/mL to 6.8 x 107 MB/mL within 120 
minutes. Experiments are ongoing to determine the effects of a pre-exposure incubation period on 
microbubble cavitation activity. 

Conclusions 
The work presented here highlights the potential for NONOates to be used as an antibiofilm therapy in 

combination with an ultrasound-responsive system, for the first time. The antibiofilm effects of NONOates 
have been assessed in wound-relevant conditions, assessing pH as a variable, and investigating a temperature 
that is more consistent with those reported in vivo. Ongoing work is assessing the potentiation effects of 
NONOates on antibiotic efficacy, and the effect of a pre-exposure incubation period on the antibiofilm 
efficacy of MBs. Future work will investigate both the antibiofilm and antimicrobial effects of a combination 
therapy consisting of NONOate, antibiotic, and MBs for the treatment of chronic wound biofilms. 
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Introduction 

Ultrasound (US)-targeted Microbubble Cavitation (UTMC) plays a crucial role in improving drug delivery 
through the endothelial barrier. To successfully apply this technique in clinical settings, we need a deeper 
understanding of the molecular mechanisms that govern UTMC-induced hyperpermeability. Here we 
explored the involvement of calcium and endothelial nitric oxide synthase (eNOS) pathways in regulating 
UTMC-induced endothelial hyperpemeability. 

Methods 

Human coronary artery endothelial cells were seeded abluminally on transwells with 0.4 µm pores, and US 
was applied using a single-element transducer (A302S-SU, 1-inch diameter) submerged in a water tank for 
10 seconds (1 MHz, 250 kPa PNP, 10 cycles, 10 ms interval). Permeability was gauged through 
transendothelial electrical resistance (TEER) and 10 kDa dextran transfer. Immunostaining for VE-cadherin 
was done to quantify inter-endothelial gaps. Visualization of Ca2+ with Fluo4-AM, and sonoporation with 
propidium iodide were done with live-cell imaging. Stress fibers were visualized using phalloidin staining, 
while s-nitrosylation was assessed with Biotin switch assay. 

Results 

Transwell-based assays revealed that UTMC induced hypermeability, as shown by a significant reduction 
in transendothelial electrical resistance and an elevation in 10 kDa Texas red dextran flux. UTMC induced 
a notable influx of Ca2+, a response that was effectively inhibited by blocking Piezo1 channels (p<0.0001) 
using  GsMTx4. Immunostaining demonstrated that under the influence of UTMC, VE-cadherin underwent 
a reorganization from a predominantly linear to an interrupted pattern, a well-known characteristic 
associated with hyperpermeability. This reorganization was concurrent with increased stress fiber formation, 
a process dependent on Ca2+ influx, suggesting heightened cell contraction as a contributing factor to gap 
formation. Furthermore, our observations indicate that UTMC increases the production of nitric oxide (NO), 
and the inhibition of endothelial nitric oxide synthase (eNOS) using L-NAME nullifies the 
hyperpermeability induced by UTMC. Preliminary findings suggest that UTMC induces a rise in overall S-
nitrosylation, a phenomenon that was dependent on Ca2+ influx. Notably, colocalization studies reveal an 
increased S-nitrosylation of both β-catenin and VE-cadherin proteins in response to UTMC, potentially 
contributing to the destabilization of adherens junctions. This study underscores the role of Ca2+ influx, 
eNOS activation, and heightened S-nitrosylation of adherens junction proteins in the regulation of 
endothelial hyperpermeability. 

Conclusions 
 UTMC enhances drug delivery by inducing endothelial hyperpermeability. Here we show that UTMC 

causes influx of Ca2+, eNOS activation, increased S-nitrosylation and reorganization of VE-cadherin. 
Further exploration of these pathways will aid in clinical translation and optimization of UTMC for 
delivering cell-impermeant drugs. 
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Introduction 
Ischemia reperfusion (IR) injury and left ventricular remodelling after myocardial infarction (MI) may 

lead to heart failure.1,2 Recent research suggests that inhibition of left ventricular remodelling could be 
achieved via mechanisms such as anti-apoptotic signaling through Fms-like tyrosine kinase 3 ligand 
(FLT3L), acting via AKT and ERK pathways.3  

Limited availability in target tissues is an obstacle for effective therapies using small protein drugs.4,5 
Microbubbles (MB) have been developed for molecular imaging as well as gene and drug delivery in recent 
years. Ultrasound mediated destruction of MB carrying drug payload could lead to maximized site-targeted 
drug delivery, while minimizing systemic exposure. We hypothesized that delivery of FLT3L coupled to 
microbubbles would reduce infarct size and improve left ventricular ejection fration (LVEF) in a clinically 
relevant model of myocardial IR. 

Methods 
Lipid shelled (DSPC 2mg/ml, PEG stearate 1mg/ml, DSPE-PEG-biotin 0.28mg/ml) microbubbles 

(MBs) with a gas core (decafluorobutane) were produced. FLT3L was conjugated to the microbubble 
surface using biotin-streptavidin linkage. Fluorescence labeling (NHS-Fluorescein) of FLT3L was used to 
measure and optimize drug payload. Biological activity of FLT3L after exposure to ultrasound (1.5 MHz, 
MI of 1.9, 30 fps for 10 minutes) and of ultrasound mediated destruction of microbubbles carrying FLT3L 
was measured in OCI-AML5 cell cultures using an XTT assay. In vivo biological activity of MBs carrying 
FLT3L (MBFLT3L, 3x108, iv injection) with ultrasound destruction (1.5MHz, MI 1.4, 1 frame every 5 sec, 30 
minutes) was compared to FLT3L (1.8µg, iv injection) only, to controls and to sham operated animals (n=4-
6 per group) in a murine model of myocardial IR. On day 7 after IR, infarct size was measured  on picrosirius 
staining and LVEF on high frequency echocardioagaphy by investigators blinded for treatment assignment. 

Results 
Incubation of 1x108 microbubbles with 2.5µg or 5µg FLT3L resulted in similar amounts of drug payload 

conjugated to MBs (2.0±0.1µg vs. 2.0±0.3µg per 1x108 MB). Increased amounts of DSPE-PEG-biotin 
(0.42mg/ml) used for MB production did not increase drug payload. XTT assays confirmed similar activity 
of FLT3L and FLT3L exposed to ultrasound (ED50 29.7±32.1 ng vs. 20.6±21.6 ng), while activity of 
MBFLT3L after ultrasound destruction was lower (ED50 128.1±4.8 ng). Results of in vivo experiments are 
shown in Figure 1.  In control animals about 30% of the myocardium were infarcted whereas sham animals 
had no infarcts (p<0.01). However, neither animals treated with FLTL3 nor animals treated with MBFLT3L 
showed a reduction in infarct size compared to controls. On high frequency echocardiography, LVEF was 
significantly lower in control animals (p=0.019), whereas this was not the case for animals treated with 
FLT3L or MBFLT3L. 

The 29th European symposium on Ultrasound Contrast Imaging 
-------------------------------------------------------------------------------------- 

226



Conclusions 
  Conjugation of FLT3L to MBs is possible in dosages relevant for antiapoptotic effects. In a cell assay, 

MBFLT3L show biologic effects attributable to FLT3L after ultrasound destruction. However, in vivo effects 
are modest and related to ejection fraction, while there was no effect on infarct size.  

Figure 1. LVEF (A) and infarct size (B) 7 days after IR in sham (n=5), control (n=6), FLT3L (n=5) and 
MBFLT3L (n=5) treated mice. Representative cross-sectional heart images from sham (C), control (D), FLT3L 
(E), and MBFLT3L(F)-treated mice after picrosirius staining. Bar 0.5mm.  
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Introduction 
Cancer immunotherapy has faced challenges in the treatment of solid cancers due to the complex tumor 

microenvironment (TME) [1]. The TME is composed of variable elements i.e. stromal cells, immune cells, 
cytokines,signalling factors, and extracellular matrix (ECM) scaffolding [2]. One challenge to overcome in 
the development of cancer immunotherapy is represented by TME physical barriers that prohibit immune 
cell infiltration [3]; ultrasound (US) stimulated microbubbles present a novel way to potentiate the use of 
cancer immunotherapy in tumors by permeabilizing the tumor vasculature [4]. Although there are studies 
on the increased efficacy of the dual treatment of US-stimulated microbubble and immunotherapy [5][6], 
there is much to discover about the effect of individual TME parameters on US-assisted bioeffects. Here, 
we focus on the biophysical interactions of different stiffnesses of ECM on US-assisted vascular 
permeabilization.  

The ECM composition and stiffness changes throughout cancer progression [7], where less stiff 
matrices promote cancer invasion and metastasis [8], and stiffer matrices can lead to fibrosis, angiogenesis, 
and cancer cell proliferation [8]. Further, microbubble vibration dynamics, and the subsequent bioeffects, 
are also very sensitive to boundary effects, including the viscoelastic nature of the surrounding tissue [9]. 
Understanding the effect of the stiffness of the matrix environment on the efficacy of US-microbubble 
assisted vascular permeabilization through sonoporation, it is possible to design individual tumor-specific 
parameters. Here, we will address the effect of ECM stiffness on sonoporation by assessing a variety of 
different ECM stiffnesses and compositions. 

Methods 
In order to explore different flow conditions of the aberrant tumor vasculature, we used a novel fluidic 

system to grow human umbilical vein endothelial cells (HUVECs) under flow. The endothelial monolayers 
were seeded on a range of collagen matrices (0.5, 2, and 3.5mg/mL) corresponding to estimated stiffnesses 
of 5, 25, and 75 Pa (Young’s Modulus), and cultured under shear-flow (10 dyn/cm2) for three days. We then 
co-perfused the HUVEC monolayers with a fluorescent surrogate sonoporation maker (propidium iodide; 
PI) and DefinityTM microbubbles at either of two physiologically relevant flow rates (5 or 30 ml/min). Using 
our custom acoustically coupled microscope system, samples were treated under flow with a 1 MHz 
frequency (300 kPa, 20 cycles, PRI=1 ms, duration of 4 s). Real-time images were recorded and data analysis 
was conducted using an in-house MATLAB program to quantify the number of PI positive cells. 

Results 
Sonoporation efficiency under the same acoustic stimulus was significantly affected by collagen 

substrate concentration (i.e. stiffness). Under the faster flow rate (30ml/min), the percentage of treated cells 
was 1.3%, 4.2% and 6.1% for samples cultured on 0.5, 2.0 and 3.5 mg/ml respectively, signifying a relative 
increase in sonoporation from a stiffer substrate (3.2 fold increase, p<0.01 for 2.0 mg/ml; 4.7-fold increase, 
p<0.001 for 3.5 mg/ml) as compared to the least stiff condition. We observed a very similar trend under the 
lower microbubble flow rate (5ml/min), where the same model ECM stiffnesses showed HUVEC 
sonoporation rates increasing from 0.2%, 2.0%, and 5.7% (10-fold increase, p<0.001 for 2.0 mg/ml; 28.5-
fold increase, p<0.01 for 3.5 mg/ml). From this dataset, we also observed that for a given collagen substrate, 

The 29th European symposium on Ultrasound Contrast Imaging 
-------------------------------------------------------------------------------------- 

228



there is a significant increase in sonoporation efficiency with increasing flow rate (6.6-fold increase, p<0.05 
for 0.5; 2.1-fold increase, p<0.01 for 2.0; 1.1-fold increase, p>0.05 for 3.5).  

Preliminary results of similar experiments using different polyacrylamide hydrogels to explore a wider 
range of stiffnesses (Young’s modulus: 100, 800, 1600 kPa)  show a similar trend.  

Conclusions 
In this study, we demonstrate that ECM stiffness has a large effect on US-assisted endothelial 

sonoporation propensity when subjected to the same US condition. Stiffer matrix environments result in 
greater endothelial sonoporation rates, and we corroborate our previous work [10] confirming an increase 
in sonoporation rate with increasing microbubble flow rate. These data can be used to fine-tune parameters 
according to different TMEs; further, our findings have applications in designing US parameters for targeted 
drug delivery and other clinical contexts that consider a variety of tissue stiffnesses.  
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Introduction 

Endothelial cells (ECs) play a key regulating role as part of the tumor microenvironment, where 
they can either promote or impede immune responses, and that can subsequently interfer with several types 
of immunotherapies[1] [2]. Mechanical forces, such as shear stress, can influence EC behavior, and have 
been shown to modulate EC inflamation and immunogencity. Ultrasound-stimulated microbubbles (USMB) 
provide a source of mechanical stimulation that can be targeted specifciatlly to ECs [3][4]. Here, we explore 
mechanically-induced modulation of immune-relevant EC surface markers, such as PD-L1, ICAM-1, 
VCAM-1, and FasL, folowing USMB treatment (Fig. 1(a)). 

Methods 
We used Mile Sven 1 (MS1) cells that were seeded in collagen-IV-coated 0.8 mm Ibidi chamber 

slides with a 2.5 cm² growth area. The initial seeding concentration was 1M cells/mL one day prior to the 
experiments. Usphere were used, diluted to a 1:1000 ratio. Concentration measurements yielded a native 
concentration of 40 x 10⁹ microbubbles/ml with a volume peak distribution at (1 ± 0.2) µm. Fluorescent 
markers used included DAPI and PD-L1 antibody. The study implemented a long pulse modality treatment 
using a Vantage system equipped with a P4-2 phased array. Treatment pulses insonified the slides for 10 
seconds with a 2 MHz center frequency, 50 µs pulse length, a 500 kPa pressure, and a 200 Hz pulse repetition 
frequency (PRF). Post quanfication, the slides were fixed, blocked, and stained with primary and secondary 
antibodies for confocal imaging to assess expression of PD-L1 and other pro-immune markers (i.e. E/P-
selecting). 

Results 

Fig. 1(b) presents a representative overlay of fluorescence microscopy illustrating the effects of 
shear flow induced by USMB on MS1 membranes. Preliminary results indicate that exposure of MS1 to 
USMB markedly modifies the expression of the MS1 marker. Morphological analysis, relative to controls 
without ultrasound exposure, reveals no significant detachment or damage, suggesting that the cavitation of 
microbubbles induces mild microstreaming rather than intense jetting flows. Initial quantitative assessments 
show that USMB treatment results in a 12% decrease in PD-L1 marker expression, substantiating the 
hypothesis that irregular mechanical shear stress can alter MS1 expression of differing immune markers, 
thereby altering their biological functions and characteristics. 

Conclusions 

The principal innovation of this exploratory proof-of-concept study lies in the development of 
USMB-based mechanotransduction targeting EC immunogenicity. The longterm aim is to determine if 
USMB could augment immunotherapeutic efficacy across all cancer patient populations through mild 
mechanical stimulation of ECs specifically. Preliminary results indicate a reduction in PD-L1 marker 
expression in in vivo ECs (which mimics tumor ECs), suggesting an inhibitory effect on this critical immune 
checkpoint protein. Nevertheless, the complexity and heterogeneity of the tumor microenvironment require 
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a sophisticated understanding of these interactions. Future investigations will refine ultrasound parameters, 
explore complex fluid dynamics in culture[5], and assess a broader spectrum of surface markers. 

Fig 1. (a) Schematic illustration of microbubbles induced microstreaming to modulate the PD-L1 marker 
(b) Confocal imaging shows PD-L1 expression before and after exposure to US + MBs, PD-L1 in red, and
DAPI in blue. The scale bar is 50 μm.
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Introduction 
It is estimated that the incidence of venous thromboembolism (VTE) is 245 and 316 per 100,000 people 

in Europe and in the United States, respectively [1], [2]. Deep vein thrombosis (DVT) occurs when a 
thrombus obstructs blood flow and induces clinical manifestations. Pulmonary embolism, one of the 
sequelae of DVT, is life-threatening and causes a mortality rate of 30% if untreated [3]. The removal of a 
thrombus in the acute stage has been shown to be critical in terms of long-term outcome [4]. Previous 
research has shown that sonothrombolysis using microbubbles (MBs) from a flow-focusing microfluidic 
device, cavitated by ultrasound (US), increases the in vitro thrombolysis rate by  more than 4 fold compared 
to the clinical dose of tissue plasminogen activator (tPA) [5]. Transiently stable MBs from a microfluidic 
device dissolve in minutes, and thus do not cause adverse effects. However, blood flow and vein wall 
remodeling after DVT in animals/humans can be complicated [6]. In vivo validation of the efficacy of 
sonothrombolysis is needed towards further clinical translation. In this abstract, we present the preliminary 
results of sonothrombolysis using microfluidically produced MBs in an in vivo murine model of DVT. 

Methods 
Four 8-week-old C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME, USA) were partially ligated in 

inferior vena cava to develop DVT, following the protocol described in [7], on day 0. Three days after 
surgery, all mice were anesthetized on a 37°C platform and imaged using a Vevo 2100 ultrasound imaging 
system (VisualSonics, Bothell, WA, USA), where an MS-550D transducer was mounted at a 3D acquisition 
motor. The imaging parameters are listed in Table. 1. 

Mice were divided into (I) 2 mg/kg tPA + US + microfluidically produced microbubbles, (II) 2 mg/kg 
tPA (Activase, Genentech, South San Francisco, CA, USA) groups. Thrombolytic drugs and microbubbles 
were administered through a tail vein catheter. One tenth of the tPA dose was injected and the remaining 
90% was infused for 30 minutes. A flow-focusing microfluidic device was supplied with a nitrogen gas 
phase (Linde Gas, Richmond, VA, USA) and a 24 µL/min liquid phase of 4% w/v bovine serum albumin, 
10% w/v dextrose and 0.9% saline. MBs of approximately 15 µm were generated at a production rate of 
100×103 MB/s (Fig. 1c), and delivered to the catheter every 5 min for 30 s. During a 30 min treatment, an 
A303S panametrics transducer (1 MHz, Olympus, Center Valley, PA, USA) of 2% duty factor and 570 kPa 
peak-negative-pressure was applied on abdominal area to cavitate the MBs. Another imaging session was 
performed using the same ultrasound imaging parameters on day 14. 

Table 1. Ultrasound Imaging Parameters 

Transducer MS-550D 

Center frequency/MHz 40 

Imaging width/mm 14 

Imaging depth/mm 12 

Step size/mm 0.03 (Long axis)/0.1 (Short axis) 
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The blood clot volume was manually segmented in 3D Slicer. The volume reduction percentage was 
calculated using the formula below for each mouse and plotted. 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑅𝑅𝑉𝑉𝑅𝑅𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑉𝑉𝑅𝑅 𝑃𝑃𝑉𝑉𝑃𝑃𝑅𝑅𝑉𝑉𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑉𝑉 (%) = (𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑3 − 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑14)/𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑3 

Results 
On day 3, the initial blood clot volume was 4.3 and 19.8 mm3 in the experimental group, whereas the 

control group was 13.2 and 16.8 mm3. On day 14, the final volume decreased to 0 and 6.1 mm3 in the 
experimental group, 7.6 and 7.6 mm3 in the control group.  The therapeutic efficacy of the tPA + US + 
microfluidically produced MBs outperformed the tPA only group by 37%. 

Conclusions 
The stenosis model allows partial flow, enabling the delivery of thrombolytic drugs and MBs to DVT. 

Therefore, it is an appropriate model for sonothrombolysis. This is the first work to demonstrate the use of 
microfluidically produced MBs facilitating the removal of DVT in a murine model. Future work will 
examine the use of this method with a larger number of animals. 

Figure 1. Sonothrombolysis results using the proposed method. Exemplar US imaging slices of a mouse 
in group I on day 3 and day 14 are shown in (a) and (b), respectively. The superimposed green mask 
represents the blood clot region. (c) Photo of microfluidically produced MBs was taken at a high-speed 
camera. (d) The bar plot displays the percentage of reduced volume of  tPA + US + microfluidically 
produced MBs and tPA groups, where 100% is the complete removal of blood clot. 

50 µm

a b

c d
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Introduction 
Since multidrug resistance phenomenon (MDR) is partially driven by membrane proteins responsible 

for effective drug efflux, it has been believed that ultrasound-mediated sonoporation may alter the drug 
sensitivity of cancer cells. Microbubble-based sonoporation has been shown to reduce the expression of Pgp 
in the blood-brain barrier in rats. Aryal et al. observed a downregulation of Pgp that lasted more than  
72 hours [1]. The reduction in Pgp activity was also revealed in sonoporated breast cancer cells [2]. Similar 
findings were reported by Bjånes et al. who investigated the gemcitabine efficacy in sonoporated pancreatic 
cancer cells [3]. To explore this phenomenon further, we determined the effect of microbubble assisted 
sonoporation on human colon cancer cells sensitive and resistant to doxorubicin.  

Methods 
The effect of sonoporation combined with doxorubicin and SonoVue microbubbles was examined  

in this study. As a research model, we used human colon cancer cells sensitive (LoVo) and resistant  
to doxurubicin (LoVoDx). At the beginning, we exposed LoVo and LoVoDx cells to ultrasound  
(2 W/cm2, DC 50%, 1MHz, 30 sec) without and with microbubbles and administered doxorubicin at the 
following time points: 0h, 2h, 4h, 8h, 16h, 24h, 48h and 72h after the ultrasound (US) exposure. Next, we 
examined the drug cytotoxicity by MTS assay and intracellular doxorubicin concentration by flow 
cytometry at the chosen time points. Moreover, P-gp activity was determined by measuring intracellular 
accumulation of rhodamine 123 in LoVo and LoVoDx cells at the defined time points. Finally, we checked 
expression of the selected drug-resistance-mediated genes: ABCB1, ABCC1, ABCG2, TOP2A, FOXO3, 
NFKB1 and NFKB2. Additionaly, we measured the level of ABCB1, ABCC1 and ABCG2 proteins in LoVo 
and LoVoDx cells by flow cytometry following the US exposure. 

Results 

We noticed that ultrasound treatment combined with microbubbles altered the drug resistance of LoVo 
and LoVoDx cells. We observed the highest intracellular doxorubicin concentration when the drug was 
administered 8h-16h following the exposure that resulted in the highest toxicity of the chemotherapeutic at 
the mentioned time points. Moreover, this was accompanied by the lowest Pgp activity measured by 
rhodamine 123 assay. Our experiments also revealed the reduced levels of ABCB1, ABCC1 and ABCG2 
proteins up to 24 hours in doxurubicin-resistant LoVoDx cells – the lowest level of cell membrane ABCB1, 
ABCC1 and ABCG2 was observed 8-16 hours following the ultrasound treatment. Additionally, we 
confirmed that ultrasound exposure altered the expression of MDR-related genes, especially when 
microbubbles were used: we noticed the highest reduction of  ABCC1 and ABCG2 mRNA levels up to 24h 
following the treatment. However, the reduction of ABCB1 mRNA level was only observed in LoVo cells. 
Interestingly, we found that microbubble-assisted sonoporation caused the reduced expression of 
transcription factors responsible for doxorubicin resistance: FOXO3, NFKB1 and NFKB2, both in LoVo 
and LoVoDx cells. Interestingly, ultrasound exposure also increased the expression of TOP2A – a target for 
dexorubicin treatment making malignant cells, especially in LoVoDx cells, much more susceptible to the 
chemotherapeutic.  
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Conclusions 

This study demonstrated an effective strategy for modulating drug resistance in cancer cells by 
microbubble-mediated sonoporation. Our analyses confirmed that ultrasound may affect MDR-related 
proteins level and activity as well as gene expression. The enhanced intracellular delivery of doxorubicin 
was confirmed both in drug-sensitive and resistant colon cancer cells. We believe that the decreased level 
and activity of Pgp was caused by the ultrasound “shaving” effect leading to the removal of extracellular 
domains of membrane proteins as well as US-assisted DNA damage during sonoporation, which suppresses 
transcription and translation.  
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