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A B S T R A C T   

The recent and exciting success of anti-inflammatory therapies for ischemic heart disease (e.g. atherosclerosis) is 
hindered by the lack of site-specific and targeted therapeutic deposition. Microbubble-mediated focused ultra-
sound, which uses circulating, lipid-encapsulated intravascular microbubbles to locally enhance endothelial 
permeability, offers an exciting approach. Atherosclerotic plaques preferentially develop in regions with 
disturbed blood flow, and microbubble-endothelial cell membrane interactions under such flow conditions are 
not well understood. Here, using an acoustically-coupled microscopy system, endothelial cells were sonicated (1 
MHz, 20 cycle bursts, 1 ms PRI, 4 s duration, 300 kPa peak-negative pressure) under perfusion with Definity™ 
bubbles to examine microbubble-mediated endothelial permeabilization under a range of physiological condi-
tions. Endothelial preconditioning under prolonged shear influenced physiology and the secretome, inducing 
increased expression of pro-angiogenesis analytes, decreasing levels of pro-inflammatory ones, and increasing 
the susceptibility of ultrasound therapy. Ultrasound treatment efficiency was positively correlated with con-
centrations of pro-angiogenic cytokines (e.g. VEGF-A, EGF, FGF-2), and negatively correlated with pro- 
inflammatory chemokines (e.g. MCP-1, GCP-2, SDF-1). Furthermore, ultrasound therapy under non-reversing 
pulsatile flow (~4–8 dyne/cm2, 0.5–1 Hz) increased permeabilization up to 2.4-fold compared to shear- 
matched laminar flow, yet treatment under reversing oscillatory flow resulted in more heterogeneous modula-
tion. This study provides insight into the role of vascular physiology, including endothelial biology, into the 
design of a localized ultrasound drug delivery system for ischemic heart disease.   

1. Introduction 

Atherosclerosis stands as a chronic inflammatory disease, charac-
terized by thickening of large vessels due to the accumulation of low- 
density lipids (LDL), trans-endothelial migration of immune cells into 
the arterial walls, and the development of fatty plaques [1]. As the 
plaque progresses, it can begin to erode or rupture, resulting in severe 
clinical consequences including myocardial infarction, peripheral artery 
disease, and ischemic stroke. Indeed, this condition serves as a funda-
mental basis for the majority of cardiovascular disease (CVD) and ranks 
among the leading causes of death worldwide [2]. Although the multi-
factorial nature of the disease (e.g. hypercholesterolaemia) is systemic, 
atherosclerotic plaques preferentially develop in regions with disturbed 
blood flow patterns [3]. The current standard of treatment for athero-
sclerosis includes systemic administration of cholesterol-lowering 
agents such as statins (HMG-CoA reductase inhibitors) and 

anti-platelet drugs, alongside surgical interventions for severe cases of 
the disease [4]. However, given the limited efficacy of current treat-
ments and the inability to prevent the reoccurrence of the disease, there 
is an urgent need for finding novel strategies to target the underlying 
causes of atherosclerosis. To this end, there has been an influx of in-
vestigations into the use of pharmacological agents that target inflam-
mation directly, and these have shown excellent pre-clinical results (e.g. 
Ref. [5]). Leveraging this success, recent clinical data has highlighted 
the direct benefit of targeting the inflammatory pathway on patient 
outcomes [6,7]. Perhaps the most successful of which is the CANTOS 
(Canakinumab Anti-Inflammatory Thrombosis Outcome Study) trial [8], 
in which the systemic delivery of the neutralizing IL-1β antibody cana-
kinumab (50–150 mg) was shown to reduce the risk of a first major 
adverse cardiovascular event (MACE) by 15 % in patients with prior 
myocardial infarction, along with a dose-dependent reduction in IL6 
(19–38 %) and C-reactive protein levels (26–41 %). Despite these 
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exciting results, canakinumab was not approved by the FDA for this 
indication due to an increased level of fatal infections, suggesting the 
need for robust spatial targeting of the therapeutic antibody. 

In designing an efficient drug delivery system for atherosclerosis, it is 
crucial to appreciate how complex blood flow patterns at the athero-
sclerotic prone regions influence endothelial permeability and suscep-
tibility to treatment. Indeed, endothelial cells detect shear flow patterns 
via mechanosensors, including membrane receptor kinases, integrins, 
ion channels, intercellular junctions, and cytoskeleton components [9]. 
The regulation of endothelial gene expression via such mechanosensors 
in response to local shear stress is considered a major deterministic 
factor in atherosclerosis susceptibility [3]. Endothelial cells subjected to 
sustained laminar or unidirectional pulsatile flow correlate with tran-
scription profiles considered protective against atherosclerosis (e.g. 
downregulation of pro-inflammatory genes). However, at the vascular 
regions with complex geometry such as vessel branch points, bifurcation 
and curved areas that result in uneven or disturbed flow, endothelial 
cells are exposed to low shear stress with high temporal gradients 
including oscillatory shear [10]. These more complex flow profiles are 
correlated with pro-inflammatory and atherogenic phenotypes, result-
ing in an increased endothelial cell turn over rate, endothelial perme-
ability, and vascular bed impairment [11]. It is therefore of interest to 
consider the influence of shear stress preconditioning on endothelial cell 
permeability and integrity. In recent decades, various drug delivery 
methods have been explored for targeted deposition of therapeutic 
molecules within the context of CVD, including atherosclerosis. Of 
particular interest is the emergence of ultrasound-assisted therapy, as 
echocardiography already plays a key role in the diagnosis and man-
agement of patients with CVD. Contrast ultrasound, which employs ul-
trasound contrast agent microbubbles, is approved for use for left 
ventricle opacification in both adult and pediatric patients, and used in 
many off-label clinical cardiac applications (e.g myocardial perfusion, 
neovascularization imaging) [12]. Intravenously injected microbubbles 
are small (1–8 μm) gas-core microspheres, stabilized by a thin flexible 
shell composed typically of phospholipids, that remain intravascular 
due to their size. Exposure to diagnostic ultrasound results in their 
nonlinear vibration which enables the detection and separation of their 
echo from that of the surrounding tissue [13]. Beside diagnostic appli-
cations, microbubbles have shown tremendous therapeutic potential 
[14], the most clinically advanced application of which is the reversible 
opening of the blood-brain-barrier for targeted drug delivery [15–17]. 
Indeed, depending largely on microbubble physics and the surrounding 
tissue properties, oscillating ultrasound-stimulated microbubbles – 
which result in local, rapid fluid motion within the vicinity of the bubble 
itself - can exert targeted bioeffects via the application of shear and 
circumferential stress to neighboring vessels and tissues, ranging from 
reversible cell permeabilization [18,19], modulation of intracellular 
Ca2+ flux [20–22], enhanced blood flow perfusion [23,24], and modu-
lation of inflammatory responses [25]. Given this context, here we aim 
to investigate the influence of flow pattern and magnitude on 
ultrasound-assisted endothelial cell permeabilization, including 
laminar, non-reversing pulsatile, and reversing oscillatory conditions. 
First, we examine the effect of shear preconditioning on the suscepti-
bility of endothelial cells towards ultrasound-enhanced permeability, 
with a particular focus on the influence of shear-mediated cytokine and 
chemokine expression. Next, we investigate how microbubble fluid flow 
patterns during ultrasound treatment alters its efficiency, motivated by 
the intrinsic differences in flow profiles at different anatomical sites, 
including those in atherosclerotic prone regions. 

2. Materials and methods 

2.1. General cell culture 

Human umbilical vein endothelial cells (HUVEC, C2519A; Lonza, 
Walkersville, MD, USA) were cultured in endothelial cell growth 

medium (EGM-2; CC3162, Lonza), and maintained at 37 ◦C with 5 % 
CO2 and 95 % air atmosphere. Independent of culture condition, 
endothelial cells were cultivated in collagen-iv coated μ-Slide I Luer type 
with a single channel (Ibidi, Gräfelfing, Germany) at a density of 
120,000 cells/cm2. The slides used in this study have a growth surface 
area of 2.5 cm2, with channel heights ranging from 0.4 to 0.8 mm. Based 
on the experiment, endothelial cells were cultured either statically or 
under flow conditions for two days. 

2.2. Flow apparatus 

For fluid flow-based experiments, the ibidi fluidic system, consisting 
of fluidic units, pump system and flow control software, was employed. 
For all experiments, the fluidic units were mounted with a yellow-green 
perfusion set (10 ml syringe reservoirs, filters, 1.6 mm silicon tubing) 
and connected to a pump system to generate the fluid flow – ranging 
from laminar, non-reversing pulsatile, and reversing oscillatory flow 
patterns (Fig. 1). The ibidi flow software was used to regulate the flow 
parameters and create the fluid flow profiles. The shear-flow was 
calculated using the flow control software, given by τ = αη • Φ, where τ 
is shear stress (dyne/cm2), η is dynamical viscosity (dyne•s/cm2), Φ is 
the flow rate of the perfused medium (ml/min), and α is a constant that 
is dependent on the chamber geometry. 

Prior to cell cultivation under flow, a unidirectional flow was 
generated using the ibidi pump system for at least 30 min to remove any 
air bubbles in the perfused medium. To cultivate cells under flow, in-
dependent of the flow pattern, an augmented gradient of fluid flow was 
applied for 2 h to allow the cells to adapt to the flow condition and 
prevent cell detachment from the growth surface. While laminar flow 
needed only one fluidic unit, pulsatile flow requires two fluidic systems: 
primary and secondary units (see Fig. 1a). The primary unit was 
mounted with a perfusion set and was used to generate a laminar flow 
with a long switching time to provide a lasting circulation of fluid in the 
fluidic system. Additionally, the secondary unit without any perfusion 
set was used to generate pulsations by interrupting the laminar flow 
with a frequency of either 0.5 or 1 Hz. The flow control software creates 
pulsations by periodically changing the flow rate during the short 
switching time of the secondary unit but with a constant flow direction 
(non-reversing pulsatile flow). The third flow pattern investigated in this 
study was oscillatory flow, created using two fluidic systems with 
separate perfusion sets but interconnected air pressure tubing (reversing 
oscillatory flow). Similar to the pulsatile flow, the primary unit gener-
ated a laminar flow, whereas the secondary unit applied oscillations by 
reversing the flow direction alternatively with a frequency of either 0.5 
or 1 Hz (1s or 0.5s switching time, respectively). 

2.3. Experimental protocol 

The ultrasound delivery platform has been reported previously [26]. 
Briefly, a customized acoustically coupled inverted microscope (Ti2-A, 
Nikon, Melville, New York, USA) was developed by fixing a compatible 
support and coupling cone for the ultrasound transducer (single-element 
1 MHz, unfocused, diameter 2a = 12.7 mm; A303S- SU, Olympus, 
Waltham, MA, USA) on the microscopy platform. The transducer was 
fixed at a 45◦ angle to the normal and 27 mm distance from the cell 
monolayer surface. With this setup, the projected acoustic beamwidth at 
the microbubble-cell interface is approximately 3.5 mm. The transducer 
was driven by a signal generator (Tektronix, AFG31052 series, Chicago, 
USA) and amplified by a 150 W power amplifier (Amplifier research, 
Model: 150A 100B, Mississauga, USA). 

2.4. Fluorescence markers 

For real-time fluorescence imaging, cell nuclei were stained using 
Hoechst dye (Thermo Fisher) at a dilution of 1:500 v/v and maintained 
at 37 ◦C for 10 min, followed by washing with PBS (3x). To visualize cell 
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permeabilization induced by ultrasound-stimulated microbubbles, pro-
pidium iodide (PI; 450 μM, P1304MP; Molecular Probes) was used as a 
real-time marker. This is a standard stain to differentiate permeabilized 
from non-permeabilized live cells since it is impermeable to cells with 
intact plasma membranes. Upon penetration into the cells, it binds to 
DNA, becoming fluorescent by shifting the fluorescence excitation/ 
emission from 493/636 to 535/617 nm. Here, we employ it as a surro-
gate drug and real-time marker for ultrasound-assisted enhanced 
endothelial permeabilization, as has been done previously [27]. As it 
does not fluoresce within the bulk solution, real-time recording during 
treatment of time-dependent cellular permeability is possible due to the 
fact that the fluorescence intensity enhances only as it becomes 
intracellular. 

2.5. Immunohistochemistry 

To assess the effect of cell cultivation conditions on cell physiology, 
the endothelial cells were seeded in the 0.4 mm chamber slides either 
statically or under a pulsatile flow profile. Two days post-cultivation, 
cells were fixed using 2 % paraformaldehyde for 30 min. Subse-
quently, cells were permeabilized using 0.1 % Triton X100 for 10 min, 
followed by blocking the non-specific interactions with milk powder 
plus 5 % bovine serum albumin (BSA) for 45 min, washed with BSA (5x). 
Next, cells were incubated with mouse anti-CD31 (PECAM-1) 

monoclonal antibody for 1 h at room temperature, followed by washing 
(5x) with BSA to remove the unbound primary antibodies. We are 
interested in PECAM-1 due to its known role as a mediator in athero-
sclerosis [28,29]. Afterward, cells were incubated with Alexa Fluor 
488-conjugated donkey anti-mouse IgG (A21202, Invitrogen) for 1 h, 
and washed (5x) with BSA. Actin filaments were counterstained with 
Alexa fluor 647-labeled phalloidin (A22287, Invitrogen) with a dilution 
of 1:400 v/v for 20 min and the unbound phalloidin was removed using 
washing (5x) with PBS. Cells were stained with either primary or sec-
ondary antibodies alone as negative controls. Cell nuclei were stained 
with DAPI with a dilution of 1:500 v/v. All the immunostaining steps 
were performed at room temperature. At least five random regions from 
each slide were imaged using a four-channel fluorescence inverted 
Nikon microscope with a 40× objective lens. 

2.6. Shear stress preconditioning on ultrasound-assisted membrane 
permeabilization 

To examine the effect of cell culture condition on cell susceptibility 
to sonication, endothelial cells were cultured in μ–Slides with a 0.8 mm 
channel height, either statically or under pulsatile flow for two days 
prior to the ultrasound treatment. For cultivation under pulsatile flow, 
cells were seeded statically for 2 h, followed by an augmented gradient 
of shear flow up to 8 or 16 dyne/cm2 with a 1 Hz pulsatile frequency. For 

Fig. 1. Schematic overview of the experimental apparatus and flow conditions. a) Sample timing diagrams illustrative of the flow patterns used in this study, 
depicting laminar flow (left), non-reversing pulsatile flow (middle), and reversing oscillatory flow (right). Pulsatile and oscillatory flow frequencies ranged from 0.5 
to 1 Hz (1–0.5 s switching time), and the ultrasound experiments were conducted for a fixed duration of 4 s. See specific experiments for details on shear magnitude/ 
flow velocity, and the Methods text for the justification of their values in the context of healthy and atherosclerosis-prone regions. b) Overview of the tubing ar-
rangements for the ibidi units required to achieve such flow patterns. c) Schematic view of the ultrasound pulsing scheme used throughout this work, as well as the 
acoustically-coupled microscopy system employed to examine microbubble-assisted endothelial permeability under flow. 
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the ultrasound treatment, cell-seeded slides were connected to a fluidic 
system, followed by perfusion of the chamber slides with a cocktail 
consisting of Definity™ microbubbles (1:500 dilution) and PI in culture 
media under pulsatile flow. Independent of culture conditions, cells 
were treated under the same two pulsatile flow regimens as they were 
cultured with: either at 8 or 16 dyne/cm2 at a 1 Hz pulsatile frequency. 
After incubating the slide under flow for at least 30s to ensure a ho-
mogeneous distribution of microbubbles, each slide was sonicated (1 
MHz frequency, 20 cycles, 1 ms pulse repetition frequency, 300 kPa 
peak-negative pressure) for a treatment duration of 4s, while the flow of 
microbubbles was maintained throughout the ultrasound treatment. 
Simultaneously, fluorescence microscopy recordings were obtained for 
90s. The fluorescence microscopy recordings were started 8s before 
sonication to obtain information on the extent of baseline PI signal prior 
to sonication. Four non-overlapping locations from each sample were 
acquired (total growth area per slide of 250 mm2), and the percentage of 
cells that were permeated under US and microbubble therapy was 
quantified using in-house software in MATLAB. The selection of these 
acoustic conditions was based on ensuring no cell detachment while 
exhibiting reliable measurable signal from the microscopy system over 
the range of flow rates employed in this study; following our previous 
work [26]. Further, the acoustic field in free space as well as the loss of 
signal due to the presence of the chamber slide (~5 % attenuation of 
signal) was measured using a hydrophone (Onda Corp., Sunnyvale, CA, 
USA, HGL-200); as previously reported [26]. Despite this, we do expect 
some proportion of reflected ultrasound within the chamber itself, 
resulting in the potential for an uneven acoustic field. Given that results 
and interpretations therein are relative (i.e. the independent variables 
are shear preconditioning, flow magnitudes, and flow patterns all under 
a fixed ultrasound condition and acoustic field), we do not foresee this as 
a confounding factor. All experiments were completed within 10 min 
after commencing flow with the diluted microbubble agent. 

2.7. The effect of shear stress on endothelial cytokine expression profile 

To assess the effect of pulsatile flow on cytokine release from 
endothelial cells, cells were seeded under the same pulsatile conditions 
as for the previous section (8 or 16 dyne/cm2, 1 Hz). Simultaneously, 
cells with the same confluency were cultured statically as control (to 
mimic ischemic conditions). Two days post-cultivation, 100 μl of cell 
culture media was collected from each chamber slide, with two repeats 
for each condition. To examine the cytokine profile, a multiplex assay 
was used to analyze 96 human cytokines and growth factors (human 
immunology panel, Bio-Rad Laboratories, Hercules, CA). This multiplex 
assay functions via fluorescent detection of any array of color-coded 
beads conjugated to a specific capture antibody. The data was 
analyzed via a bead analyzer (Bio-Plex 200, Bio-Rad), which combines 2 
lasers and high-throughput fluidics. 

2.8. The influence of microbubble perfusion pattern on ultrasound- 
assisted permeabilization 

To exclude the effect of cultivation conditions on the efficiency of 
US-mediated therapy, endothelial monolayers were cultured statically 
in chamber slides for two days before ultrasound delivery. First, the 
impact of pulsatile flow on microbubble-assisted endothelial cell 
perforation was assessed by connecting the slides to fluidic systems with 
either laminar or pulsatile flow (15–30 ml/min, 0.5–1 Hz). To further 
explore physiologically relevant flow conditions, a subset of the slides 
was connected to the secondary flow unit with an oscillatory flow pro-
file; consisting of either a flow rate of 8 or 16 ml/min and an oscillation 
frequency of 0.5 or 1 Hz. In both pulsatile and oscillatory scenarios, four 
non-overlapping regions were sonicated with the same ultrasound 
conditions as given above, and real-time, simultaneous video recordings 
with two fluorescence channels for Hoechst and PI were recorded. The 
Hoechst channel was employed to determine the total number of cells 

within the field of view. To ascertain the overall count of permeabilized 
cells, in-house MATLAB software was written to quantify the extent to 
which cells were permeated over the 90s recording. As a fluid flow 
condition control, another subset of the slides was connected to the 
primary unit, co-perfused with microbubbles and PI under laminar flow 
and sonicated with the same ultrasound conditions. 

2.9. Justification of shear stress magnitudes 

In-vivo shear stress magnitudes have been reported to range from 10 
to 70 dyne/cm2 in healthy arteries, 1–6 dyne/cm2 in veins, and ±4 
dyne/cm2 in atherosclerosis-prone arterial regions [10,30]. To examine 
the role of shear-stress preconditioning in the context of ischemic heart 
disease, the selection of shear magnitudes was chosen to represent flow 
conditions within ischemic (static; 0 dyne/cm2), borderline (8 
dyne/cm2) and the lower range of healthy vasculature (16 dyne/cm2). 
The flow velocities used to examine non-reversing pulsatile microbubble 
perfusion on statically cultured endothelial cells - stated here as flow 
rates instead of shear stress magnitudes due to the short perfusion time - 
do correspond to regions spanning recently re-perfused arterial vessels 
(~4–~8 dyne/cm2). Finally, the dataset confirming the effects of 
reversing oscillatory shear to mimic disease-state disturbed flow are 
within the atherosclerosis-prone range (±2 and ± 4 dyne/cm2 respec-
tively [11,31]). 

2.10. Statistical analysis 

All data were analyzed using GraphPad prism and are presented as 
mean ± SEM. The fluorescence microscopy videos were analyzed using 
in-house software in MATLAB to quantify the percentage of cell perfo-
ration. The endothelial permeabilization datasets were repeated on at 
least five independent samples for each condition. The PECAM-1 mean 
fluorescence intensity was quantified using ImageJ from at least 8 
random fields of view. Two-tailed, unpaired two-sample Student’s t-tests 
were performed to determine the significance in comparison between 
treatment groups, using the Bonferroni multi-comparison correction 
when appropriate. Correlation coefficients and their associated statistics 
were calculated in MATLAB. For all datasets, a p-value of <0.05 was 
assumed to be statistically significant. 

3. Results and discussion 

Our previous work confirmed that the flow rate of laminar micro-
bubble perfusion greatly influenced endothelial permeability and cal-
cium intracellular signaling [26]. Here, we are examining the influence 
of shear-stress preconditioning, non-laminar microbubble perfusion, 
and their associated correlations as detailed below. 

3.1. Shear stress preconditioning on ultrasound-assisted membrane 
permeabilization 

Fig. 2a depicts a fluorescence microscopy example of how endothe-
lial culturing condition influences cell physiological characteristics, 
such as morphology and cell-to-cell contact. As illustrated in Fig. 2a, 
statically cultured cells exhibited a heterogeneous orientation and 
morphology, characterized by large extracellular gaps due to the 
discontinuous distribution of intercellular junctional proteins. 
Conversely, cultured cells under pulsatile flow demonstrated a relatively 
aligned orientation in the direction of flow, more homogenous 
morphological features, and minimal extracellular gaps between cells. 
More specifically, these microscopy images highlight the effect of pul-
satile flow cultivation on the expression of PECAM-1 (shown in green). 
PECAM-1 expression was highly heterogeneous in cells cultured stati-
cally, exhibiting regions of varying intensity. Under pulsatile flow, the 
expression of PECAM-1 became more pronounced as the shear-flow 
increased from 8 to 16 dyne/cm2 at 1 Hz pulsatile frequency, as 
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Fig. 2. Endothelial cell cultivation under pulsatile flow sensitizes cells to ultrasound-mediated cell permeabilization. a) Human endothelial cells were 
cultivated in chamber slides either statically or under pulsatile flow with shear stress magnitudes of either 8 or 16 dyne/cm2 for two days. Immunofluorescence 
staining was performed for PECAM-1 (green). Fluorescence microscopy images demonstrate that cell cultivation under pulsatile flow leads to a more uniform cellular 
morphology, organized cell-to-cell contact, and reduced extracellular gaps between endothelial cells, as compared to statically cultured cells. Scale bar is 50 μm. b) 
Quantification of PECAM-1 expression illustrates a direct correlation between pulsatile shear flow and PECAM-1 expression. c) A representative example of time- 
lapse microscopy images from endothelial cells that were cultured either statically (top panel) or under pulsatile flow (bottom panel) during ultrasound treat-
ment. Flow condition during ultrasound treatment remained constant within different subgroups. Nuclei were stained with Hoechst (blue) and the surrogate 
macromolecule (red) was used to indicate cell membrane permeabilization. d) Endothelial cells with microbubbles perfusing via a pulsatile flow of 8 dyne/cm2 or e) 
16 dyne/cm2 exhibited an increased susceptibility to ultrasound-mediated cell permeabilization versus statically cultured cells (noted here as a culture shear-flow of 
0 dyne/cm2). The magnitude of this effect increased with variations in shear flow during cultivation and microbubble perfusion velocity. Asterisks denote statistical 
significance. 
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quantified in Fig. 2b ranging from 1.8 to 2.5-fold increase under shear- 
flow than static culturing (p < 0.01). Note here that the static culturing 
condition is denoted as 0 dyne/cm2. Fig. 2 also shows how cultivation 
condition affects human endothelial cell sensitivity to ultrasound- 
mediated cell perforation. Here, we are examining the effect of endo-
thelial culture preconditioning (static and pulsatile flow at either 8 or 
16 dyne/cm2 with 1 Hz pulsatile frequency) on the resulting endothelial 
susceptibility to ultrasound and microbubble treatment given the same 
acoustic stimulus. We investigated two different flow treatment regimes, 
with microbubbles circulating over the endothelial monolayer under 
pulsatile flow of 8 or 16 dyne/cm2 to match the culturing conditions. 
Fig. 2c depicts a representative example of the time-lapse microscopy 
data of preconditioned endothelial monolayers (static [top] or under a 
pulsatile flow of 8 dyne/cm2 [bottom]) undergoing microbubble 

therapy under the same treatment conditions, where the red denotes 
enhanced permeability as reported by intracellular PI entry. The first 
frame from each condition shows a Hoechst staining of the cell nucleus, 
which was used to quantify the number of cells in the field of view. 
Fig. 2d&e summarize our findings. With microbubbles perfusing the 
endothelial monolayers under a pulsatile flow pattern of 8 dyne/cm2, 
those that were preconditioned under shear-flows of 8 or 16 dyne/cm2 

exhibited an augmented enhancement of ultrasound-assisted membrane 
permeability by 1.44 and 2.04-fold (p < 0.005) in comparison to those 
statically cultured, exhibiting an approximately linear trend (Fig. 2d). 
Further, those subjected to microbubble treatment under a pulsatile flow 
rate of 16 dyne/cm2 similarly exhibited an increased sensitization to 
permeabilization based on shear-stress preconditioning, increasing by 
1.98 (p < 0.001) with 8 dyne/cm2 and 1.21-fold with 16 dyne/cm2 

Fig. 3. Prolonged pulsatile shear-flow modulates human endothelial cell secretome. a,b) Volcano plots illustrating modulation of cytokine expression when 
exposed to 8 dyne/cm2 or 16 dyne/cm2 in comparison to statically cultured cells. Every analyte examined is represented with a circle – the ones shown in red 
demonstrate at least a 2-fold change and are statistically significant (dotted lines represent 2x increase [log2 = 1] or 2x decrease [log2 = − 1], and the vertical line 
represents the line above which p < 0.05), whereas the blue dots represent analytes with a small change (less than 2-fold change) or no change, and are not sta-
tistically significant. c, d) Identification of those analytes with significant and large magnitude differential secretions upon endothelial cell cultivation (the red circles 
in the volcano plots). Select examples are shown for three cytokines with known involvement as e) pro-angiogenic and f) pro-inflammatory. Prolonged shear-stress 
preconditioning showed similar effects at both shear magnitudes: significantly downregulating many important factors of the endothelial secretome (e.g. pro- 
inflammatory) and upregulating those with pro-angiogenesis properties. 
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compared to static culturing, respectively. It is well established that 
endothelial cells exposed to prolonged fluid shear stress elongates their 
morphology to the direction of flow, in agreement with the results 
presented here. PECAM-1 is an established mediator of atherosclerosis 
and has been shown to influence the initiation and progression of 
atherosclerosis both negatively and positively, depending on the 
vascular site [32,33]. Further, PECAM-1 expression is correlated with 
increased vascular integrity [34] and changes in endothelial plasma 
membrane stiffness [35]. From a purely physical perspective, this 
change in cell morphology should increase the available cellular surface 
area – and thus probability for microbubble-cell interactions - for 
ultrasound-assisted permeabilization. In addition to this cell area-based 
argument, the plasma membrane biomechanics for a given endothelial 
cell are altered when pre-exposed to fluid shear, one major effect of 
which is to induce an increase in plasma membrane fluidity as compared 
to static controls [36,37]. Increased membrane fluidity is correlated 
with increased passive cellular permeability [38], and fluid flow shear 
preconditioning has been demonstrated to increase the baseline levels of 
human endothelial cell cellular permeability due to this average 
increased inter-phospholipid distance [39]. While not yet thoroughly 
investigated, there is some evidence that ultrasound-assisted cell per-
meabilization is facilitated when plasma membrane fluidity is increased 
[40], and thus consistent with the present findings. These results indi-
cate that, overall, subjecting cells to a pulsatile flow pattern consider-
ably enhances the endothelial cell sensitivity to the 
ultrasound-stimulated microbubbles. 

3.2. The effect of shear stress on endothelial cytokine expression profile 

To further investigate the relationship between shear precondition-
ing and susceptibility to ultrasound-mediated permeabilization, we 
assayed differential endothelial cell cytokine expression. Our findings 
indicate that cell cultivation under pulsatile flow at 8 and 16 dyne/cm2 

significantly altered the expression of 23 and 25 cytokines/growth fac-
tors, respectively, as compared to the statically cultured monolayers. 
Significance here is quantified as at least a 2-fold change that meets the 
threshold significance level of p < 0.05. Fig. 3a&b illustrate the volcano 
plots containing all the analytes with a concentration within the 
detectable range of the standard curve (8 and 16 dyne/cm2, respec-
tively). The analytes with out-of-range concentration, either below or 
above the standard curve, were excluded from the volcano plots. In these 
figures, each of the secreted molecules is represented by a circle. Those 
that exhibited at least a statistically significant 2-fold increase (log2 =

1) or decrease (log2 = − 1) compared to static controls are illustrated in 
red along with nonsignificant and/or smaller changes denoted in blue. 
The analytes exhibiting large magnitude differential secretions are then 
depicted for each flow condition in Fig. 3c&d. It is interesting here to 
broadly categorize the cytokine functions within two major groups: 
angiogenesis and inflammation. Indeed, as expected, induction of pro-
longed flow significantly upregulated pro-angiogenesis factors, 
including vascular endothelial growth factor-A (VEGF-A), epidermal 
growth factor (EGF), and fibroblast growth factor-2 (FGF-2) - see Fig. 3e. 
Among these factors, the largest magnitude change is VEGF-A, which 
was upregulated by 10.7-fold and 34.5-fold (3.43 and 5.11-fold in log2 
units) under preconditioning of pulsatile flow of 8 and 16 dyne/cm2 

compared to static control, respectively. VEGF-A is a well-known 
modulator of vascular development and angiogenesis via its interac-
tion with its endothelial receptor (mainly VEGFR2, although it also 
binds to VEGFR1). VEGF-A and other pro-angiogenic factors (e.g. FGF-2) 
have been identified as key endothelial survival signals involved in the 
maintenance of endothelial homeostasis and vascular integrity [41], the 
disruption of which helps mediate atherosclerosis [42]. Indeed, auto-
crine VEGF signaling – as is the case here – is known to play a critical role 
in maintaining endothelial cell viability [43]. It is well understood that 
VEGF-A, along with other pro-angiogenic markers, can disrupt endo-
thelial cell-cell contacts (e.g. tight junctions, adherins), change 

endothelial cell morphology, and increase vascular leak [44]. Further, 
prolonged exposure of endothelial cells to VEGF-A can induce the for-
mation of small pores (i.e. fenestrations) within the plasma membrane, 
allowing the uptake of small molecules [45,46]. It is therefore not 
particularly surprising that – under the influence of significantly 
increased concentrations of these pro-angiogenic cytokines, the endo-
thelial cell membrane is more susceptible to permeabilization from 
mechanical perturbations (via microbubble vibrations) than otherwise, 
as it is already characterized by increased fluidity. Aside from these, 
Fig. 3 demonstrates a consistent downregulation of a broad range of 
pro-inflammatory cytokines, the majority of which are shared between 
the two shear conditions (e.g. G-CSF, M-CSF, MCP-1). It is important to 
note here that while some of these pro-inflammatory cytokines have 
been shown to exhibit time-dependent increases in secretion under flow 
for short periods of time (e.g. MCP-1 [47,48]), the data presented here is 
consistent with prolonged application of shear (>24 h). Indeed, the 
suppression of the myriad of pro-inflammatory secretions by long-term 
shear conditioning observed here is broadly consistent with many 
other works in which isolated cytokines were examined independently 
[49–51], as well as with the general downregulation of 
pro-inflammatory genes under chronic shear stress observed via 
microarray data [49,52,53]. 

While it is acknowledged here that the interaction between the 
complete endothelial secretome and how it influences the susceptibility 
of the plasma membrane to an external energy source like ultrasound is 
complex, it is perhaps still instructive to dissect the correlation between 
shear stress preconditioning and ultrasound-assisted enhanced perme-
ability on an individual cytokine level. Specifically, Fig. 4 depicts nine 
noteworthy correlations that identify three global categories: angio-
genesis, leukocyte chemotaxis, and lymphocyte chemotaxis, with cor-
relation coefficients R ranging here from 0.82 ≤ |R| ≤ 0.99. Note that 
while some display statistically significant correlations, many are highly 
trending towards significance. Firstly, it is interesting to note that 
ultrasound-assisted permeabilization is highly positively correlated with 
preconditioning from pro-angiogenic cytokines (VEGF-A, EGF, FGF-2) – 
Fig. 4a–c. In addition to these relations, ultrasound-assisted endothelial 
permeabilization was highly negatively correlated with pro- 
inflammation mediators, in particular those that both modulate leuko-
cyte (e.g. MCP-1, GCP-2, MCP-3) and lymphocyte (e.g. I-TAC, SDF-1, 
CXCL16) chemotaxis, among more general inflammation markers (e.g. 
IL6, not shown). Indeed, many of these mediators can act in autocrine 
and play a role in endothelial migration and physiology (e.g. CXCL16 
[54], MCP-1 [55]). It is of interest to note that the endothelial plasma 
membrane itself is a known mechano-sensor, and when placed under 
shear stress exhibits a marked reduction in its cholesterol content [56]. 
This has implications when considering lipid rafts – a potent platform for 
signal transduction – the disruption of which can hinder cytokine 
signaling and attenuate the cytokine response [57–59]. In fact, the 
majority of differentially secreted cytokine/chemokines were down-
regulated under flow (Fig. 3c&d) and thus correlate negatively with 
membrane fluidity and ultrasound-assisted membrane permeabilization 
(Fig. 4d–i). 

3.3. Microbubble perfusion flow pattern and endothelial cell 
permeabilization 

Irrespective of preconditioning, we next explored how the fluid 
pattern of the perfusing microbubbles during ultrasound treatment 
modulated the therapeutic result. Firstly, pulsatile perfusion was 
compared to flow rate-matched laminar perfusion (Fig. 5). Representa-
tive microscopy images (Fig. 5a) reveal qualitatively that pulsatile flow 
results in an increase of ultrasound-assisted membrane permeability, the 
effects of which are quantified at two flow rates of 15 and 30 ml/min in 
panels Fig. 5b&c. At the faster flow rate of 30 ml/min, endothelial cells 
subjected to ultrasound therapy under a pulsatile flow, with either 0.5 or 
1 Hz pulsation frequency, demonstrated a significant enhancement in 
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membrane permeability as compared to those treated under laminar 
flow by 1.62-fold (p < 0.05) and 2.05-fold (p < 0.001), respectively. We 
further confirmed this trend by examining the differential permeability 
between these two treatment flow patterns at a slower flow rate of 15 
ml/min (Fig. 5c). Pulsatile flow with 1 Hz pulsing frequency similarly 
enhances the extent of cell permeability compared to a flow-matched 
laminar condition (1.69-fold, p < 0.001), however when the interval 
of time was increased (0.5 Hz) at the slower flow rate, we failed to see an 
elevated percentage of endothelial cell perforation. We next examined 
the more complex scenario of microbubble perfusion under reversing 
oscillatory flow, shown in Fig. 6, under two physiological shear-rates 
(±2 dyne/cm2 and ±4 dyne/cm2). First, we examined this effect at a 
relatively slow flow rate of ±8 ml/min (3.33 cm/s), in which, inde-
pendent of oscillation frequency, there was no observable cell per-
meabilization. When increasing the flow rate to ±16 ml/min, oscillatory 
flow at 0.5 Hz increased the percentage of permeabilized cells by 1.76- 
fold (p < 0.005). While reversing oscillatory flow at 1 Hz at this flow rate 
yielded no significant change as compared to laminar flow, it still indeed 
induced permeation (unlike at the slower flow rate). To place the results 
of the effect of microbubble perfusion pattern on ultrasound-assisted 
membrane permeabilization into context, it is perhaps instructive here 
to first consider the purely physical argument of local microbubble 
density and proximity to the endothelial layer. In first considering the 

non-reversing pulsatile data (Fig. 5), the flow rate of 30 ml/min corre-
sponds to a linear velocity of 12.5 cm/s, given the cross-sectional area of 
the flow chamber. At this velocity, the microbubbles travel the length of 
the projected acoustic focus (3.5 mm) in 2.8 ms, with a microbubble 
displacement of 1.25 mm during the 1 ms PRI (~3 ultrasound bursts per 
microbubble in principle). During the intervals in which flow is 
temporarily stopped, the microbubble population will tend towards size 
stratification via differential flotation [60]. Relatively speaking, these 
intervals are rather large (1000 ms and 500 ms for 0.5 and 1 Hz pulsing 
frequency, respectively) compared to the ultrasound PRI, and represent 
a significant percentage of the treatment duration – fixed to 4 s in this 
study. In this arrangement and within a fixed time period, the bubble 
size distribution within close proximity to the endothelial layer slightly 
shifts to smaller bubbles. Estimation of this differential flotation away 
from the endothelial monolayer by Stoke’s equation yields a ~0.5–35 
μm shift for bubbles ranging in radius from 0.5 ≤ r ≤ 4 μm within 1 s of 
flow cessation (0.5 Hz), for example. While this translation may not 
represent a significant change within the acoustic focus (≪ 1 %), it does 
bring the microbubbles within closer proximity to each other. Indeed, at 
the bubble dilution used here, the average inter-bubble spacing is ~25 
μm. With a net displacement on the order of tens of microns (i.e. very 
small inter-bubble spacings), we can expect to see significant vibrational 
effects due to the influence of one microbubble on another [61]. Further, 

Fig. 4. Microbubble-mediated human endothelial permeability is directly correlated with the presence of pro-angiogenesis markers and inversely 
correlated with pro-inflammatory ones. a-c) This first column highlights the general positive correlation of VEGF-A, EGF, and FGF-2 and ultrasound treatment – 
three cytokines with well established roles in angiogenesis. All other analytes show an inverse correlation, including those involved in d-f) leukocyte (MCP-1, GCP-2, 
MCP-3) and g-i) lymphocyte (I-TAC, SDF-1, CXCL16) chemotaxis. Pearson correlation coefficients range from 0.82≤|R|≤0.99, and statistical significance is shown 
within the panel for each analyte. It is important to note here that many of these are trending towards significance, including others not shown here (e.g. IL6). The 
ultrasound permeabilization quantity shown is normalized to its maximum, taken from the data obtained when treated at 8 dyne/cm2. This data is strongly suggestive 
that the local cytokine environment in which the endothelial cells are situated modifies its susceptibility to external perforation. 
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the probability of microbubble-microbubble interactions via secondary 
radiation forces, for example the coalescence of two or more bubbles 
into a larger bubble, is increased at these shorter inter-bubble distances. 
It is also important to consider microbubble residence time within the 
acoustic beam (e.g. for the bubbles arrested within the beam for 1 s, the 
same/similar population will be interrogated 1000 times at this PRI). 
This represents a trade-off between the propensity of eliciting sufficient 
microbubble vibration to include membrane permeabilization [19] 
versus the likelihood for microbubble disruption (and therefore no more 
sources of localized stresses to permeate cells), both of which increase 
with number of transmit bursts. At some point during the acoustic pulse, 

it is indeed probable that microbubble disruption occurs and thus bubble 
replenishment by the resuming of flow will contribute positively to the 
number of endothelial cells undergoing ultrasound-assisted 
permeabilization. 

The interactions between the microbubbles circulating under 
reversing oscillatory flow and the endothelial layer were more hetero-
geneous (Fig. 6). Circulation of microbubbles flowing at the slower 
speed (±8 ml/min) corresponds to a linear travel distance of 33.3 μm 
within the 1 ms PRI, which is approximately the length of the two 
endothelial cells. In principle, at this slow of a rate, the microbubbles 
that are entering the acoustic beam are likely undergoing acoustically 

Fig. 5. Pulsatile perfusion of microbubbles influences ultrasound-mediated endothelial cell permeabilization. a) Representative fluorescence images at the 
end of recording (60 s), illustrating macromolecular uptake under varying flow profiles. Data shown for microbubbles perfusing at 15 ml/min (top panel; ~4 dyne/ 
cm2) and 30 ml/min (bottom pane, ~8 dyne/cm2). The scale bar is 50 μm. b) The extent of microbubble-mediated cell perforation significantly increases when 
perfused at 15 ml/min at 1 Hz pulsation frequency (1.69-fold, p < 0.001), while increasing the flow rate to 30/min elevated cell perforation as compared to laminar 
flow at 0.5 Hz and 1 Hz respectively (1.9-fold, p < 0.05; 2.4-fold, p < 0.001). These observations underscore the significant influence of microbubble flow dynamics 
on ultrasound-mediated cell perforation efficacy. Note that laminar flow here is indicated by a pulsing frequency of 0 Hz. Please note that no shear preconditioning 
was applied here (cells were cultured statically). 
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induced disruption (subjected to ~105 ultrasound bursts while within 
the acoustic focus). Thus, even within the first positive phase of oscil-
latory motion, there would be no more microbubbles able to re-enter the 
acoustic beam – either distally (reverse phase of fluid motion) nor 
proximally (forward phase) to the acoustic focal zone. At the faster flow 
rate of 16 ml/min (6.66 cm/s), our hypothesis here is that only partial 
disruption occurred and thus enables the replenishment of new micro-
bubbles within the acoustic focus. It is important to note here that, even 

at the slowest microbubble flow rates employed, the imaging frame rate 
used here (~50 Hz) is too slow to obtain reliable information on 
microbubble population pattern and acoustically induced disruption. 
Simultaneous bright-field imaging with a fast-frame camera, with frame 
rates on the order of kHz, would be an invaluable tool to shed mecha-
nistic insight into the relationship between microbubble translational 
dynamics and endothelial permeabilization under flow, and is the sub-
ject of future endeavors. 

Fig. 6. Oscillatory flow perfusion enhances ultrasound-mediated cell permeabilization when characterized with high flow velocity and low oscillation 
frequency. a) Representative fluorescence microscopy examples illustrating microbubble-induced cell perforation – indicated here by the presence of an otherwise 
impermeable macromolecular in red - under varied flow conditions with shear flows of either 8 ml/min (top; ±2 dyne/cm2) or 16 ml/min (bottom; ±4 dyne/cm2). 
Scale bar is 50 μm. Statically cultured cells were perfused with microbubbles under three flow profiles: i) laminar (blue bars), and oscillatory with oscillation 
frequency of 0.5 Hz (orange bars) or1 Hz (grey bars) and fluid velocity of either b) 8 or c) 16 ml/min. Our results demonstrate a significant enhancement in cell 
permeability when microbubbles flow at 16 ml/min at 0.5 Hz frequency (1.76-fold, p < 0.005), whereas 1 Hz oscillation frequency fails to elevate cell perforation. 
Interestingly, when perfused at the slower speed of 8 ml/min, a complete suppression of cell permeabilization was observed for either oscillation frequency condition. 
Note that laminar flow here is indicated by an oscillation frequency of 0 Hz. Please note that no shear preconditioning was applied here (cells were 
cultured statically). 
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4. Conclusion 

The effects of fluid flow and the resulting shear stress on 
microbubble-mediated endothelial cell permeabilization was investi-
gated in two contexts. First, sustained shear-stress preconditioning of 
human endothelial cells increases their susceptibility to ultrasound- 
assisted cell membrane permeabilization under identical acoustic stim-
ulation up to 2-fold as compared to non-preconditioned cells. Multiplex 
examination of the endothelial secretome under these conditions 
revealed correlations between enhanced ultrasound-assisted cell mem-
brane permeability and expression of cytokines involved in angiogenesis 
(e.g. VEGF-A, EGF, FGF-2) and inflammation – including both leukocyte 
(e.g. MCP-1) and lymphocyte (e.g. SDF-1) chemotaxis. Secondly, the 
microbubble fluid flow pattern (non-reversing pulsatile, reversing 
oscillatory) as it perfuses endothelial cells significantly modifies the 
efficiency of this treatment technique given the same acoustic stimulus, 
resulting in up to a 2.4-fold increase in the percentage of permeability 
when treated under pulsatile conditions versus a flow rate-matched 
laminar flow, depending on the specific flow parameters. Reversing 
oscillatory fluid flow, as compared to laminar flow, can result in up to a 
1.7-fold increase or a complete shutdown for endothelial membrane 
permeability, highlighting a more heterogeneous response. The results 
from both of these contexts emphasizes the fact that microbubble- 
assisted therapeutics is strongly dependent on both the pathophysi-
ology of the vascular compartment and the local microbubble density 
and distribution as it perfuses the vasculature. Among others, this work 
has implications for emerging anti-inflammatory drug delivery ap-
proaches for atherosclerosis, which have had recent success in clinical 
trials, whereby local conditions of ischemia and disrupted flow with 
varying magnitudes of shear stress and perfusion pattern are to be 
expected. 
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