Microstreaming inside model cells induced by ultrasound and microbubbles
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Abstract

Studies on the bioeffects produced by ultrasound and microbubbles have focused primarily on
transport in bulk tissue, drug uptake by individual cells, and disruption of biological
membranes. Relatively little is known about the physical perturbations and fluid dynamics of
the intracellular environment during ultrasound exposure. To investigate this, a custom
acoustofluidic chamber was designed to expose model cells, in the form of giant unilamellar
vesicles, to ultrasound and microbubbles. The motion of fluorescent tracer beads within the
lumen of the vesicles was tracked during exposure to laminar flow (~1mm s), ultrasound
(1MHz, ~150kPa, 60s), and phospholipid coated microbubbles, alone and in combination. To
decouple the effects of fluid flow and ultrasound exposure, the system was also modelled

numerically using boundary-driven streaming field equations. Both the experimental and
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numerical results indicate that all conditions produced internal streaming within the vesicles.
Ultrasound alone produced an average bead velocity of 6.5£1.3 um/s, which increased to
8.5+3.8 um/s in the presence of microbubbles compared to 12+0.12 pum/s under laminar flow.
Further research on intracellular forces in mammalian cells and the associated biological effects

in vitro and in vivo are required to fully determine the implications for safety and/or therapy.
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Introduction

Gas-filled microbubbles stabilised by phospholipid, denatured protein, or polymer coatings are
widely used in medical imaging as ultrasound contrast agents due to their high echogenicity.
More recently, their therapeutic potential has been investigated in the context of targeted drug
delivery, with emphasis on transient permeabilisation of the cell membrane — a phenomenon

commonly referred to as sonoporation.

When exposed to an ultrasound field, microbubbles expand and contract radially at a frequency
and amplitude determined by those of the ultrasound wave®. When these volumetric oscillations
occur proximal to the cell plasma membrane, the resulting tensile, compressive, and shear
forces associated with microbubble dynamics lead to various bioeffects, which may include
activation of mechanosensitive channels, poration, or irreversible rupture of the cell membrane?.
Transient formation of transmembrane pores has been observed in vitro*>8, and has been
shown to promote targeted uptake of therapeutic molecules’. However, it remains unclear
whether physical alterations of the cell membrane are induced directly by the forces imparted
by cavitating microbubbles themselves, by thermal or chemical effects, or as a result of the

shear stress caused by cavitation microstreaming.



Microstreaming is produced as a result of the bubble oscillations®. Attenuation of this motion
in the surrounding viscous medium, generates a steady flow and high fluid velocity gradients
in the bubble’s immediate vicinity. Particle velocimetry experiments have shown that
microstreaming flows around oscillating microbubbles can reach velocities of the order of a
few millimetres per second, at distances greater than a millimetre away from the microbubbles
themselves®, while imparting shear stresses of the order of Pascals on nearby surfaces38910,
The resulting membrane strain in the presence of microstreaming has been hypothesized to
cause temporary permeabilisation’! and to enhance intracellular uptake of therapeutic
compounds. Ultrasound and microbubble-mediated membrane effects have therefore received
significant attention in drug delivery. There have been numerous studies on plasma membranes
which report poration®>!213 fluidisation#-1®, membrane surface divergence?®, and changes in the
molecular arrangement of membrane constituents’. However, only a limited body of work has

focused on shear force transmission from the extracellular to the intracellular compartments.

Investigations on the intracellular effects of ultrasound exposure have primarily focused on
plant cells. Although the structure and function of plant cells differ greatly from mammalian
cells, they serve as a useful model to elucidate the physical mechanisms that underpin the
dynamics of intracellular structures under ultrasound exposure. Previous studies have
described “churning” of intracellular organelles at varying acoustic pressures and frequencies,
and have reported chromosomal abnormalities®®, reversible suppression of nucleic acids and
protein synthesis, reduction in mitotic index'®, and changes in the internal structure of
mitochondria®®. At low acoustic pressures, the effects were reported to be largely reversible
and mainly involved organelle accumulation and translation.?* Zhong et al.'® have also shown
that the effects of cavitation are not restricted to the cell membrane, but extend to the
intracellular milieu as a result of disruption of the interconnected network of subcellular

cytoskeletal filaments. Hussein et al. have shown that exposure to ultrasound and microbubbles



can promote release of intracellular material from the cytoplasm, lysosomes and endosomes;
22 whilst Yang et al. have shown that membrane repair following sonoporation may be related

to lysosomal stimulation.?

To the best of the authors’ knowledge, however, no previous study has investigated
intracellular movements resulting from exposure to therapeutically relevant conditions
involving ultrasound and microbubbles. In the context of microbubble-mediated ultrasound
drug delivery, intracellular reorganization and the enhancement or inhibition of intracellular
transport may potentially have significant implications for drug bioavailability, efficacy, and
toxicity?*. More broadly, movement of intracellular fluid and organelles plays an important
role in cellular functions such as endocytosis?®, and may influence processes that rely on
intracellular transfer and balance of ions. For instance, the membrane repair process involved
in transient sonoporation has been hypothesised to rely on the recruitment and exocytosis of
lipid vesicles that fuse with the plasma membrane to reseal pores at the rupture site?®. Moreover,
modification or interruption of intracellular trafficking by exposure to ultrasound may have
safety repercussions, as the impairment of vesicular transport is implicated in various diseases
including cancer?’, diabetes?®, heart disease?®, and also in immunological®®, neurological®!, and

developmental disorders.>,

In order to investigate the impact of ultrasound and microbubbles on internal fluid motion, both
numerical and experimental techniques were employed in this study. As the primary purpose
was to determine whether or not intra-luminal streaming could be induced, rather than the
biological consequences, a simplified cell model was utilized in preference to live cells. It was
hoped that this would improve both reproducibility and reliable quantification of flow
velocities. Giant unilamellar vesicles were selected, as they have been successfully used in

earlier investigations of membrane mechanotransduction under shear flow3*-%,



In the first part of the study, phospholipid vesicles formed using a mixture of 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) and cholesterol (natural constituents of plasma membranes)
and containing an aqueous solution of sucrose with 500 nm fluorescent beads, were employed
to experimentally investigate shear transmission at the cell membrane. Vesicles were exposed
to constant unidirectional flow, ultrasound, and microbubbles, alone and in combination
(Figure 1A), and the dynamics of intra-vesicle flow-tracer beads was quantified using particle
tracking. In the second part of the study, intra-vesicular fluid flow patterns were evaluated
numerically upon exposure to (i) acoustic excitation and (ii) continuous flow in a microfluidic

channel by solving boundary-driven streaming field equations.

Results and Discussion
Experimental results

No exposure

When no excitation was applied, the vesicles maintained their morphology and exhibited
minimal fluctuations of the lipid membrane, known as flickering, as previously reported.36-3
While most latex beads appeared as individual particles, some clustering was observed. Beads
moved within the vesicles’ lumen in a random fashion, typical of Brownian motion, and no
mean displacement was detected (Figure 1 B). The average bead velocity was measured as 0.8

+ 0.2 um/s (Figure 1 C).
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Figure 1 — A. Vesicle exposure conditions. In the control case, vesicles were left to stand for
one minute while being imaged with no excitation applied. In the constant flow case, vesicles
were subject to a steady flow indicated by the arrow. In the case of ultrasound exposure,
vesicles were exposed to a sinusoidal acoustic pressure wave with 190 kPa peak-negative
pressure, at 1 MHz frequency (continuous wave). In the presence of microbubbles and
ultrasound, DSPC:PEG 9:1 microbubbles were injected to achieve a final concentration of

1x10° MBs/ml and were immediately exposed to ultrasound in the same conditions as those



used in the ultrasound-only case. In every condition, vesicles were stimulated for one minute.
dv represents the diameter of the vesicle, wc represents the width of the chamber (12 mm), and
L. represents the length of the chamber (60 mm). B. Luminal bead velocity during exposure to
ultrasound alone, at varying ultrasound acoustic pressures C. Average bead velocity magnitude
within the vesicle lumen as a result of varying exposure conditions (CTL/C - Control; US/U —
Ultrasound; MB — microbubble; F - flow). Error bars represent standard deviation for different
vesicles exposed to the same conditions. Statistical significance was first tested using a one-
way ANOVA on the bead velocities during exposure (p<0.01), and a Tukey-Cramer post-hoc

was used to compare exposure conditions to their respective controls.

Ultrasound exposure

Upon exposure to ultrasound, fluorescent tracers exhibited movement parallel to the imaging
plane. Known as transducer plane streaming®®, this vortex-like flow has been previously
observed in thin-reflector acoustofluidic devices, and is generated by the presence of both a
standing and travelling wave components in the fluid cavity. The observation is backed by the
modelling results presented in Section 0, where transducer-plane acoustic streaming patterns

were revealed within the model fluid channel.

Within the vesicle lumen, a wide range of tracer flow patterns were observed (Figure 2 and 3).
The average velocity of the beads was measured as 6.5 + 1.3 um/s, where the standard deviation
represents the difference in average luminal velocity in the vesicle analysed in the channel.
Figure 3 shows a representative image of the tracks generated by the PTV algorithm and the
movement of an arbitrary particle translating within the vesicle lumen as a result of ultrasound
exposure. It was also found that the luminal bead velocity was correlated with acoustic pressure

within the fluid channel (Figure 1A).



Figure 2 - Latex beads streaming within the lumen of a GUV. The cyan chevron indicates the
position of a single bead in successive frames when exposed to 1 MHz, 188 kPa ultrasound in
continuous wave. The frame number is denoted on the top left corner of each frame. Scale bar

=10 um.

It was previously reported*>#! that in the presence of fluid flow external to the vesicles, the
vesicle membrane behaves similarly to a fluid layer, allowing momentum to be transferred to
the vesicle’s lumen. This effect was observed within the acoustofluidic device and confirmed
by the experiments presented in Figure 2. Numerical modelling also confirmed that ultrasound
alone, in the absence of acoustic streaming, could induce luminal flows within the vesicles (see

section 0.1).

Ultrasound and microbubbles exposure

When exposed to microbubbles and ultrasound, the average intravesicular velocity was
recorded as 85 + 3.8 um/s (Figure 1B). The flow patterns within the vesicle were
heterogeneous and transient, as shown in Figure 3. This is likely due to the dynamic and
stochastic nature of microbubble cavitation during ultrasound exposure. The primary and
secondary radiation forces between microbubbles and beads coupled with the acoustic and
cavitation microstreaming, lead to a larger average bead velocity compared to the case of
ultrasound alone. The observed velocities were, however, still relatively modest and the effect
of the microbubbles smaller than might be expected, given that the likelihood of ultrasound

induced bioeffects is typically increased very significantly by the presence of microbubbles. A



possible explanation is that vesicles in close proximity to cavitating microbubbles were in fact
destroyed by the high shear stresses. Thus the velocities measured in the surviving vesicles
were induced by relatively distant microbubbles and hence only slightly larger than those
produced by ultrasound alone. It has been shown in previous work that cavitation
microstreaming can generate much higher microstreaming velocities.*>*® Debris indicative of
GUV destruction was observed in different areas of the microfluidic channel. In cholesterol-
doped DOPC GUVs (5:1 molar ratio), Porter et al. reported a lysis tension of 1.89 mN/m*,
and this may also be affected by the incorporation of microbubble DSPC debris onto the GUV

surface, and/or by GUV-microbubble contact.

Unidirectional flow

Exposure to unidirectional flow was used as a control to determine whether flow alone was
able to induce luminal streaming within the GUVs. Immediately upon activation of the flow,
the fluorescent beads started to flow in two hemispherical patterns inside the vesicle, as
predicted by the numerical simulations shown in Figure 5. The double vortex pattern is a result
of the symmetrical forces imparted by the flow on the vesicle membrane. The average fluid
velocity was determined to be 12 + 0.12 um/s, as shown in Figure 1B. The average fluid
velocity did not show any correlation with the vesicle’s diameter, as previously observed by
Sebastien et al.*® While the vesicles at the centre of the channel exhibited symmetrical vortices,
vesicles closer to the +y extremities exhibited non-symmetrical dipoles, with a smaller vortex

on the side closer to the sidewall of the flow channel.

The results presented here are consistent with those reported in previous studies on
phospholipid vesicles subjected to unidirectional flow. Membrane translation has been
observed and quantified by Yamada et al.**, while intravesicle particle movement was first
reported by Keller et al.*®. Other studies have related the luminal flow velocity to the membrane

properties of the vesicle’s phospholipid membrane®’.
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Figure 3 - (top) Fluorescence image frames of vesicles with encapsulated beads during varying
exposure conditions. (bottom) Corresponding averaged flow fields generated using PIVLab®.
Averaging was applied across 300 frames acquired during exposure. Interpolated vectors are
labelled in orange. Vectors calculated throughout all frames, with at least six particle pairs, are

labelled in green. Scale bar = 10 um.

Simulation results

Ultrasound exposure

To determine whether ultrasound alone in the absence of external flow can generate streaming
within the vesicle lumen, the acoustic streaming field inside the central vesicle was modelled
using a slip condition at the membrane interface. The pressure field at the location of the
vesicles was determined to be 160 kPa, consistent with the values recorded experimentally.
When exposed to ultrasound, a well-formed transducer plane vortex, commonly reported in
acoustofluidic devices,***® was observed within the model volume. This behavior was
previously described by the authors®, and is a result of the combination of the SW and TW

modes that lead to four-quadrant transducer-plane streaming patterns in the main fluid channel.
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Inside the vesicle, a rotational flow pattern was observed (Figure 4) despite the slip condition
applied at the vesicle hemi-spherical boundary, which corresponded to the experimental
observations presented in Figure 3. This shows that, even in the absence of outer flow,
ultrasound causes streaming within the lumen of the vesicle. The maximum streaming velocity
(i.e. the maximum limiting velocity at the bottom surface) in the modelled vesicle was found
to be 11.36 pm/s (and an average velocity of ~2.6 um/s), which is in line with the values

obtained experimentally.
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Figure 4 — A. the limiting velocity vector field at the bottom surface (the water-glass interface);
B. the limiting velocity vector field inside and outside of the central vesicle at the bottom
surface; and C. top view of the acoustic streaming velocity vector field in the central vesicle

shown in A.

Exposure to unidirectional flow

When exposed to unidirectional flow, the modelled 3D flow fields inside the vesicles show two
vortices in the xy and xz cross-sections. In the case of the central vesicle, these were specular,
given the symmetric distribution of fluid flows on the vesicle in the y direction of the fluid
channel. For the vesicle closer to the channel edge, the vortexes were asymmetrical, with a
smaller vortex on the side closer to the edge of the channel. Detailed flow fields at three xy

planes are plotted in Figure 5.
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Figure 5 — (top) the detailed flow velocity vector fields (unit: m/s) on various xy planes
(measurement planes in experiments): (@) z = —0.09 mm; (b) z = —0.096 mm; (c) z =
—0.099 mm. (bottom) the detailed flow velocity vector fields (unit: m/s) on various xy planes
(measurement planes in experiments): (@) z = —0.09 mm; (b) z = —0.096 mm; (c) z =

—0.099 mm.

The flow patterns inside the central vesicle are shown in Figure 5A-C, while Figure 5C-E show
the patterns for the vesicle closer to the xy extremities of the fluid channel. Figure 5A shows
the fluid patterns on the x-y plane corresponding to z = -0.09 mm, which resembles the
experimental observations reported by others®®4!, The other z cross-sections within the central
vesicle (Figure 5B-C) reveal the 3D nature of the luminal flows, showing the varying position
of the maximum velocity at different z-positions within the vesicle. Flow vortexes also formed
for the vesicle closer to the edge of the channel, however these were not symmetrical (Figure
5C-E). Three-dimensional modelling of the flows for both cases are shown in Figures 1 and 2
in the Supporting Information. The results presented in this section confirm that flow, in the
absence of ultrasound, also leads to luminal flow within vesicles, as shown previously

experimentally.
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Biological implications and limitations of the model

The healthy functioning of mammalian cells relies on the active and passive transport of
molecules between cellular compartments. For example, it has been shown that intra-cellular
flows of cytosol play an important role in several cellular processes, including cell motility.*%>°
Active transport velocities have been reported of the order of 0-3 pm/s?>°%2 which is well
within the range of bead velocities reported in this study (0.8 + 0.2 um/s for no exposure, 12 +
0.12 um/s for constant flow, 6.5 + 1.3 um/s for ultrasound, 8.5 + 3.8 um/s for ultrasound and

microbubbles).

The fact that unidirectional flow produced significant internal streaming is also consistent with
previous studies. Shear force transmission across lipid bilayers is one of the immediate effects
of fluid flow on living cells and has been an area of research for many years. For example, it
has been widely demonstrated that endothelial cells are sensitive to both magnitude and spatio-
temporal gradients of wall shear stress®. The findings presented above suggest that ultrasound
with and without microbubbles also has the potential to alter the spatial and temporal
characteristics of shear force transmission across a lipid cell membrane, and this may have
important implications. This study employed very mild ultrasound exposure conditions, such
that the fluid velocities measured were in fact lower than those produced by unidirectional flow.
Intravesicle streaming velocities would, however, be expected to increase with increasing
ultrasound pressure (Figure 1B) and, as indicated above, vesicle destruction may have biased

the velocity measurements towards lower values in the ultrasound and microbubble case.

Even allowing for the mild exposure conditions, the measured velocities, if generated in living
cells would be of sufficient magnitude to produce significant biological effects. These could
include alterations in ion balance, protein trafficking, and cargo transport, potentially leading

to altered cellular functions and pathogenesis;>* or, alternatively, assisting therapeutic delivery
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by enabling transport of drug molecules to cellular compartments. Thus, in assessing the
implications of the results, it is important to review how both the cell model and acoustofluidic

device used in this study differ from living tissue.

In order to generate a uniform acoustic pressure field within the chamber and achieve
therapeutically meaningful pressure magnitudes, the acoustofluidic device is constructed from
materials of much greater rigidity than soft tissue. This would not be expected to affect the
intra vesicle fluid motion generated by unidirectional flow. On the other hand, the deliberate
minimization of a travelling wave component in the ultrasound field will have reduced the
incidence of acoustic streaming®® and hence the effect of ultrasound alone. The presence of a
rigid boundary will also affect microbubble dynamics, in particular the direction of
microbubble translation and microjet formation.>>® The impact on microstreaming and hence
intra vesicle flow however, would be expected to be smaller, as the presence of any boundary
will promote streaming. In fact a rigid boundary would be expected to reduce the amplitude of
microbubble oscillation and hence streaming velocities compared to a more compliant one;>’

although the impact of tissue microstructure would also need to be taken into account.

With regard to the vesicles themselves, whilst their luminal volume is similar to that of cells,
there are considerable differences with mammalian cells which could inhibit intracellular
streaming, in particular: the poroviscoelastic nature of the cytoplasm and presence of the
cytoskeleton. The vesicle membrane itself may also affect internal flow. Work by Sebastian et
al. has shown that varying membrane composition by changing cholesterol content affected the
efficiency of mechanotransmission and hence the luminal fluid velocity induced by external
flow.> Notwithstanding these limitations, the fact that ultrasound and microbubbles seem to

be capable of producing intra vesicle flow velocities of the same order of magnitude as
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physiological flow would suggest that further investigation of potential bioeffects is warranted,

both for understanding any safety implications and potential exploitation in therapy.

Conclusions

DOPC giant unilamellar vesicles doped with cholesterol were exposed to unidirectional flow,
ultrasound, and ultrasound in combination with microbubbles. The resulting flows within the
vesicle lumen were observed and quantified using particle tracking velocimetry. In the control
cases, no particle movement was observed other than that due to Brownian motion. All other
exposure conditions produced measurable particle movement. Upon exposure to ultrasound,
luminal streaming patters were observed. Upon the introduction of microbubbles, the
additional fluid motion created by bubble cavitation produced particle motion with variations
in both magnitude and direction, suggestive of the effects of microbubble cavitation. Numerical
modelling confirmed that exposure to ultrasound, even in the absence of flow outside the
vesicles, can produce transducer-plane luminal acoustic streaming patterns with velocities
analogous to those observed experimentally. Both modelling and experimental results showed
that fluid flow in proximity of the vesicles is able to set up luminal streaming patterns,
confirming results previously reported in the literature®®®%61 Intracellular perturbations and
motion underpin a wide range of cellular functions such as ionic and osmotic regulation, the
recruitment and transport of cargo, and reproduction. In this study we demonstrate that external
flow, ultrasound and microbubbles, alone and in combination, all cause increased luminal fluid
motion. The results presented in this study thus strongly motivate the need for further

investigation of potential bioeffects caused by intracellular streaming.
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Experimental Section

Methods

Design and description of the acoustofluidic device

A previously developed, purpose-built thin-reflector acoustofluidic flow chamber®? (i.e. a
microfluidic chip with built-in acoustic field source) was employed for all experiments
(Supporting Information Figure 3). The device consists of a piezoelectric transducer coupled
using epoxy resin to a 1.2 mm MACOR® ceramic carrier layer, a 0.2 mm thick fluid channel,
and a 0.17 mm thick glass reflector. Layers are held together by a metal frame and a Perspex®
manifold. The acoustofluidic device was designed to allow ultrasound exposure at a
therapeutically relevant frequency of 1 MHz, and acoustic pressures of up to 400 kPa. The
device was also intended to function as a flow cell to enable the exposure of the vesicles to

fluid flow, imparting a relatively uniform wall shear stress field.

Formation of vesicles with encapsulated flow tracers

Giant vesicles were produced on stainless steel needles using a previously described
electroformation protocol®®. In brief, commercially available injection needles (Becton
Dickinson, UK) were first cleaned with toluene (Fisher Scientific, UK) and left to dry
overnight. A chloroform lipid solution (Avanti Polar Lipids, USA) composed of DOPC and
cholesterol (Sigma Aldrich, UK) was prepared at a molar ratio of 3:1. 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(cap biotinyl) (sodium salt) was then added to the solution
at 1 mol% to biotinylate the lipids, allowing the subsequent fixation of the vesicles on the
bottom surface of the acoustofluidic device. The solution was then mixed thoroughly and
carefully pipetted on the outer surface of the needles using a glass syringe. After a drying phase

of approximately one hour, the needle pair was assembled 3 mm apart, and submerged in a
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solution of water and sucrose (200 mM) containing monodisperse 500 nm (in diameter)
carboxylate fluorescent latex beads (Sigma Aldrich, UK). The size of the monodisperse beads
was chosen to be significantly smaller than the hydrodynamic length scale of the channel, i.e.
the channel height, in order to obtain a suitable compromise between visibility and flow
fidelity.®* The ratio between fluid and particle density, and kinematic viscosity, resulted in a
particle response time orders of magnitudes smaller than the smallest time scale of the flow
(um/s). In addition, the primary acoustic radiation forces on sub-micrometre particles would
be expected to be small, as these scale with particle volume. A sinusoidal voltage with a peak-
to-peak amplitude of 4.86 V and a frequency of 10 Hz was then applied to the electrodes for
two hours. The frequency was subsequently lowered to 5 Hz to stimulate vesicle detachment
from the electrode surface. The needles were removed, and an aliquot of the resulting bead-
loaded vesicle suspension was mixed with an equal amount of PBS, to promote vesicle
sedimentation upon injection into the acoustofluidic device. The average size of the vesicles
was determined optically using the proprietary Zeiss Zen Black software. Figure 6B shows a
colourised confocal image of three vesicles containing fluorescent beads. The average diameter
of the vesicles was measured to be 31 + 17 um. Whilst the diameter of the vesicles is larger
than that of typical live cells (~20 um), simulations indicated that this would not be expected

to have a significant impact on the results.

Fixation of vesicles onto the glass coverslip

To provide a more realistic model of adherent cells, vesicles were bound to the glass reflector
layer using an avidin-biotin linkage. This was achieved by doping the vesicles with biotinylated
lipids prior to the formation process (as described in Section 2.1.2), and by coating the glass
slide with biotinylated serum albumin (bBSA) and subsequently with avidin from egg white,

as described previously by Kuhn et al.%® Upon priming the chamber with the vesicle-rich
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solution, vesicles sediment due to the density difference between sucrose and PBS (1.02 and
1.00394% g/cm?, respectively) and, coming into contact with the glass slide, bind with the
avidin layer. After an incubation phase of approximately 10 minutes at room temperature, the
device was flushed to remove excess latex beads. Figure 6A shows bound vesicles stained with

a fluorescent lipid-analogue dye (c-Laurdan).

o 1 2 3 4 5 6 7
Diameter (um)

Lo 4 " . ...
Figure 6 - A. Fluorescence confocal image of DOPC GUVs stained with c-Laurdan, imaged
with a Zeiss plan apochromat 63x objective mounted on a Zeiss 780 confocal microscope. The
purple arrow indicates a representative multilamellar GUV that was excluded from the analysis.
B. Confocal microscope image of three GUVs of different sizes with encapsulated fluorescent
latex beads (500 nm in diameter) within their lumen, and bound to the glass surface. The image
was acquired using a Zeiss LSM 780 confocal microscope equipped with a 63x plan-
Apochromat oil-immersion objective. C. Suspension of DSPC:PEG40s 9:1 microbubbles
imaged in a Neubauer haemocytometer for microbubble counting and sizing. Inset indicates
microbubble size distribution of a representative sample. The images were acquired using a
Nikon Ti Eclipse® fluorescence microscope with a 40x objective. Mean microbubble diameter

= 1.47 pm + 0.89 pm.
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Formation and characterisation of microbubbles

Lipid-shelled microbubble suspensions were formed as previously described by Carugo et al.’
by dissolving 1,2-distearoyl-sn-glycero-3-phosphocholine and polyethylene glycol 40 stearate
in chloroform at a 9:1 molar ratio, respectively. It has been shown previously that there is a
negligible difference between the response of commercially available SonoVue and these
microbubbles under the range of ultrasound exposure conditions used in this study®2.The
resulting solution was then pipetted in a 15 mL glass vial and left to stand overnight on a
hotplate at 50°C to allow the chloroform to evaporate completely. The vial was then filled with
5 mL of PBS and stirred for 30 minutes on a hotplate set to 100°C. The solution was then
sonicated for 150s with a tip sonicator (XL2000, 3mm, 20W, 22.5 kHz, Misonix, USA) fully
submerged in the vial to uniformly disperse the lipids. A further sonication step was performed
by submerging the sonicator tip (power setting 14) approximately 10 mm from the air-water
interface for 20 seconds while blowing a stream of sulphur hexafluoride (The BOC Group,
UK) at the interface. The vial was then placed in ice for 15 minutes and the suspension was
washed three times by centrifugation (300 RCF, 10 min) and diluted in PBS to reach a final
concentration of ~1x10° microbubbles/ml. The microbubble concentration calculation was

performed, as shown in Figure 6C, using an algorithm developed by Sennoga et al.®’

Exposure conditions
No exposure

Vesicles were imaged using an inverted Nikon Ti Eclipse® microscope equipped with a cool-
LED excitation system, at 40x magnification. Vesicles containing beads were imaged in

fluorescence mode (excitation: 575 nm, emission: 610 nm), at 5 frames per second with an
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exposure time of 200 ms and 2x digital gain. To record a baseline bead velocity, vesicles were
imaged continuously for one minute with no excitation. Only vesicles that were unilamellar
and spherical were selected for all investigations reported in this manuscript. All experiments

were performed at room temperature.

Unidirectional flow

A laminar Poiseuille flow was established in the fluid channel of the device using a syringe
pump (Cole Palmer, UK) and a 20 ml plastic syringe (Becton Dickinson, UK), to achieve an
average wall shear stress of 1.25 Pa over the inner glass surface of the fluid channel.
Physiological flow velocities range from ~30 um/s in capillaries, 15 mm/s in the vena cava,
and 40 cm/s in the aorta. Physiological shear stress levels range from 0.1 to 6 Pa in the venous
system with peaks of 7 Pa in arteries®®. The flow rate was chosen as an approximate value of
the cavitation microstreaming flows (in the order of a few mm/s) previously recorded in the

same device by the authors.®

Ultrasound exposure

The piezoelectric chip was driven with a 39.4 V sinusoidal input with a frequency of 1.014
MHz, generated using an Agilent 33220A arbitrary waveform generator followed by 55 dB
amplification using a RF amplifier (E&I, USA). The resulting peak negative acoustic pressure
in the fluid channel was quantified by inserting a fibre-optic hydrophone within the fluid layer
corresponding to the position of the piezoelectric chip, and was determined to be 188 kPa,
which is within the therapeutic range used in microbubble-based ultrasound mediated

therapy®®-'*. Vesicles were exposed to ultrasound for one minute continuously.

Ultrasound and microbubble exposure

Vesicles were exposed to ultrasound in the presence of microbubbles for one minute. This was
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achieved by injecting microbubbles at a final concentration of 1x10° MB/ml into the fluid
channel, and immediately activating the ultrasound field with the same parameters as described

in section 2.1.5.3.

Bead velocity analysis

Tracking of single fluorescent beads was performed using the native ImageJ® TrackMate®
plugin. The dynamics of single beads was monitored on a frame-by-frame basis to reveal
individual particle trajectories and velocities. First, a region of interest was determined and
cropped to isolate a single GUV. Secondly, beads were detected automatically using the built-
in detection algorithm, and were individually identified on each frame pair. Thirdly, the
average bead velocity was determined by averaging the velocities in each frame pair for all the
bead trajectories detected. The individual trajectories were inspected manually to avoid
detection errors that arise when two beads in two separate tracks overlap. The illustrative
average flows in Figure 3 were generated using a time-resolved particle image velocimetry tool
(PIVLab®) to obtain a representative flow profile for each exposure condition. Particle
velocities were quantified bi-dimensionally, in the x-y plane. Images were pre-processed to
exclude stationary features in the field of view, subjected to a high pass filter with a 15x15
pixel area to improve particle detection, and calibrated using the width of the field of view (to

convert pixels to physical units).

Statistical analysis

Statistical significance was determined by first performing a one-way ANOVA on all exposure
conditions, followed by Tukey’s multiple comparisons test between each condition and the

respective control.
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Modelling of microstreaming flows within vesicles

This section describes the numerical models and methods employed to simulate flow patterns
inside the vesicle lumen when exposed to ultrasound and unidirectional flow. The primary
purpose of modelling the flow inside the vesicles is to determine whether ultrasound alone, in
the absence of pressure-driven flow outside the vesicle membrane, can induce a flow within
the vesicle lumen. The luminal flow as a result of external unidirectional flow in the
acoustofluidic device was also investigated in order to determine whether the acoustic
streaming and cavitation streaming alone may be contributing factors to the flow inside the
vesicle lumen. A detailed description of the theory of acoustic streaming is included in the

Supporting Information.

Microstreaming flows as a result of ultrasound exposure

Numerical model

A simplified 3D reduced-fluid model with dimensions of 0.3x0.3x0.2 mm? was considered
(Figure 7A) in COMSOL to mimic a portion of the experimental fluid channel with dimensions
60x12x0.2 mm. Surfaces z = 0.1 and z = —0.1 mm represent the carrier-fluid and fluid-
reflector interfaces respectively. Three hemispheres with lateral positions y = 0 and y = + 100
pum were used to represent the vesicles adherent to the glass surface of the chamber. Three
vesicles were modelled to determine the luminal flow patterns in the presence and absence of
external flow. The central vesicle was placed in correspondence with the acoustic pressure node
in the y-direction and the centre of the acoustic streaming vortex, in order to investigate the
effect of ultrasound on intravesicle flows in the absence of microstreaming. For mesh

constitutions, as shown in Figure 7B, uniform tetrahedral mesh was used in the bulk of the fluid
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channel while smaller elements were used in vesicles to resolve the acoustic and streaming

fields near the curved surfaces of the vesicles

CAVAVAYAVAYAVYAVAY vaY

E

x10°

Figure 7 — A. the 3D model considered; B. mesh condition at the bottom surface of the model
(the fluid-reflector interface). C. the total 3D acoustic pressure magnitudes in the model regime

(Pa); D. the standing wave component (Pa); E. the travelling wave component (Pa).

Definition of the acoustic field

The linear acoustic fields in the whole fluid channel were modelled using a ‘Pressure Acoustics,

Frequency Domain’ interface, which solves the harmonic linearized acoustics, taking the form:

w? 1
V2p1+c_2p1=0' @)

where w is the angular frequency and c is the speed of sound in the fluid. The acoustic fields

in the model regime were created by harmonic vibrations of the upper surface and walls of the
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device coupled with reflecting boundary conditions at each of the inner surfaces. The vibration
of the upper surface creates the main thickness standing wave field in the fluid cavity of the
acoustofluidic device. Acoustic pressure gradients in the lateral directions caused by harmonic
vibrations of the walls were considered in order to account for energy gradients in directions
other than the main direction of ultrasound propagation (which are commonly observed in thin-

reflector acoustofluidic devices3®2).

To do this, in addition to the linear acoustic model used to approximate the 3D first-order
acoustic field in the channel, an additional travelling wave component propagating along the
fluid channel (p1t) in the x-direction was considered. Their phase difference has been shown to
create transducer plane streaming (TPS) in acoustofluidic devices of similar geometry. The
acoustic field in the fluid channel may be represented as a summation of the standing wave

(SW) field and the travelling wave (TW) component:

P1 = P1s + P1e» (23)
P1s = Pos Cos(kxsx) Cos(kysy) Sin(kzsz) eiwt} (Zb)
1t = Dore**t* cos(kyy) sin(k,z) e'@HHe), (2¢)

where the second subscripts s and t indicate the SW and TW components respectively, p, is
the acoustic pressure amplitude, w is the angular frequency, ky, k, and k, are the wave
numbers in the x, y and z directions and ¢ indicates the phase difference between the SW and

TW components.

The total acoustic pressure field was defined as a combination of a (1, 2, 1) SW mode and a (t,
0, 1) TW mode in a fluid channel with dimensions of 60x12x0.74 mm?, which results in a

resonant frequency of 1.0077 MHz, which is comparable to the experimentally verified
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frequency. The pressure amplitude in the model was approximately 0.16 MPa, also similar to
the value measured experimentally. Diagrams of the acoustic pressure inside the simplified 3D

fluid model are shown in Figure 7C-E.

Definition of acoustic streaming fields

The limiting velocity method”74, which is based on the perturbation method’, was used to
generate the 3D acoustic streaming fields in the acoustofluidic device and inside the vesicles.
The acoustic streaming fields within the vesicles were modelled using the ‘Creeping Flow’
interface, assuming the 3D flow fields in the vesicles are fully generated from the acoustic
streaming fields just outside the vesicle membranes. To determine the effect of ultrasound
alone in the absence of external flow, a slip velocity boundary condition on the hemi-spherical
surface of the vesicles was applied, with the exception of the bottom surface, where a no-slip

condition was considered.

In the model, the overall streaming field is dominated by boundary-driven streaming, while
Eckart streaming is considered to be negligible given the small length scales (<200 um). As a
result, only the boundary-driven streaming was modelled. As the inner streaming vortices are
confined to the viscous boundary layer only (thickness of 8, ~ 0.6 pm at 1 MHz in water’®),
for numerical efficiency, only the 3D outer streaming fields were solved using Nyborg’s
limiting velocity method’®", as performed by previous studies®**37577.78 and evaluated by Lei

etal.”

Derivation of limiting velocity fields
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The limiting velocities at the driving boundaries were calculated as a function of the first-order
acoustic velocity fields. On planar surfaces normal to z, the limiting velocity equations on the

driving boundaries take the form:

u, = —%Re {qx +uj [(2 +)V-u; — (24 3i0) %]}, (6a)
v, = —%Re {qy 4+t [(2 OV uy — (2 +30) %]}, (6b)
Qx = Uy C;_If + v Cii_lf' (6c)
iy = v (60)

where uL and v are the two components of limiting velocities along coordinates x and y, Re
represents the real part of a complex value, and u,vi and w1 are components of the complex

first-order acoustic velocity vector, uy, along the coordinates X, y and z, respectively.

Modelling of acoustic streaming fields

The limiting velocities at the driving boundaries were calculated as a function of the first-order
acoustic velocity fields as shown:
Vp, = uV2uy, (33)

V-u, =0, (3b)

where p is the dynamic viscosity of the fluid. The bottom surface of the vesicle was considered

as a limiting velocity boundary condition and the remaining surfaces as no-slip boundary

conditions.
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Flow within vesicles as a result of unidirectional flow
Model description

To study the flow within the vesicles resulting from unidirectional flow inside the
acoustofluidic channel, a three-dimensional (3D) fluidic model was considered, as shown in
Figure 8A. The model has a dimension of 0.3x0.3x0.2 mm? (x x y x z). The coordinates x,
y and z are the continuous flow direction, lateral direction and thickness direction,
respectively. Surfaces z = 0.1 and z = —0.1 mm represent respectively the carrier-fluid and
fluid-reflector interfaces. Two hemispheres on the bottom glass surface, with lateral positions
of y =0and y = 135 pum, were used as cell models to study the flows in the vesicles at the

central region (i.e. y = 0) and near side boundaries (i.e. y = +w/2) as shown in Figure 8A.

A continuous laminar flow developed in the 4+x direction was considered, shown in Figure 8B,
where the flow field on a yz cut-plane through the vesicles is plotted. The flow velocity is

maximum at the centre of the channel and zero at boundaries.

A B

;0-'3‘““\ I W, w=03mm
\ %, %107

Fluid channel | 20

o

la)
M Vesicles & J 5

z
Yitex

wwzo=y
h=0.2mm

Figure 8 — A. the three-dimensional model considered, where two vesicles are located at the
bottom surface (y = 0 and y = 135 mm); and B. the contour of fluid velocity magnitude (unit:
m/s) in the yz cross-section of the fluid channel. z = 0.1 and z = —0.1 mm are the water-

macor and water-glass interfaces, respectively. The radius of vesicle is r = 12.5 um.
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