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ARTICLE INFO ABSTRACT

Keywords: Ultrasound insonification of microbubbles can locally enhance drug delivery by increasing the cell membrane
Microbubbles permeability. To aid development of a safe and effective therapeutic microbubble, more insight into the
Ultrasound microbubble-cell interaction is needed. In this in vitro study we aimed to investigate the initial 3D morphology of
?sﬁgpiizzzrg the endothelial cell membrane adjacent to individual microbubbles (n = 301), determine whether this

morphology was affected upon binding and by the type of ligand on the microbubble, and study its influence on
microbubble oscillation and the drug delivery outcome. High-resolution 3D confocal microscopy revealed that
targeted microbubbles were internalized by endothelial cells, while this was not the case for non-targeted or
IgG1-k control microbubbles. The extent of internalization was ligand-dependent, since oyps-targeted micro-
bubbles were significantly more internalized than CD31-targeted microbubbles. Ultra-high-speed imaging (~17
Mfps) in combination with high-resolution confocal microscopy (n = 246) showed that microbubble internali-
zation resulted in a damped microbubble oscillation upon ultrasound insonification (2 MHz, 200 kPa peak
negative pressure, 10 cycles). Despite damped oscillation, the cell’s susceptibility to sonoporation (as indicated
by PI uptake) was increased for internalized microbubbles. Monitoring cell membrane integrity (n = 230)
showed the formation of either a pore, for intracellular delivery, or a tunnel (i.e. transcellular perforation), for
transcellular delivery. Internalized microbubbles caused fewer transcellular perforations and smaller pore areas
than non-internalized microbubbles. In conclusion, studying microbubble-mediated drug delivery using a state-
of-the-art imaging system revealed receptor-mediated microbubble internalization and its effect on microbubble
oscillation and resulting membrane perforation by pores and tunnels.

Transcellular perforation

1. Introduction

Endothelial cells lining the blood vessel walls form an excellent
barrier against numerous drugs. The endothelial cell itself is rarely the
intended target, as drugs often need to extravasate to reach the under-
lying diseased tissue. Thus, if extravasation can be locally enhanced,
lower dosages of drugs can be administered systemically and therefore
lower toxicity will be achieved. Phospholipid-coated microbubbles
(1-10 pm in diameter) can do just that: upon ultrasound insonification,
microbubbles with a gas core start to oscillate resulting in various me-
chanical and cellular effects [1]. Microbubbles were developed as ul-
trasound contrast agents and are widely used in the clinic for diagnostic

ultrasound imaging [2]. Drug delivery is enhanced by oscillating
microbubbles through different pathways: by perforation of the cell
membrane, referred to as sonoporation, by opening intercellular junc-
tions or cell-cell contacts, and by stimulating endocytosis [3-5]. While
the exact mechanisms are not fully understood [1,3,5,6], it is clear that
there exists a delicate balance between stable microbubble oscillation
leading to enhanced drug delivery and more violent microbubble
oscillation or inertial cavitation causing irreversible damage [3,7,8].
More insight in the interaction between microbubbles and endothelial
cells is needed to facilitate translation to safe and effective clinical use of
phospholipid-coated microbubbles for locally enhanced drug delivery.
Previous work on endothelial cells has mostly focused on
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establishing the relationship between the microbubbles’ acoustic
behavior and subsequent cellular effects such as intracellular drug up-
take, opening of cell-cell contacts, and intracellular calcium fluctuations
[3-6,9-13]. However, the therapeutic outcome in terms of drug delivery
enhancement is expected to also depend on the microbubble-cell
morphology prior to ultrasound insonification. This morphology may
be altered upon phagocytosis or internalization of microbubbles, as has
been observed since the first generation of ultrasound contrast agents.
Contrast enhanced ultrasound imaging has shown hepatosplenic uptake
of microbubbles stabilized by either a polymer shell in Sonovist [14,15],
a surfactant in Levovist [16-18], or a phospholipid shell in BR14 [19]
and Sonazoid [18,20]. Additionally, a spleen-specific uptake has been
shown for SonoVue [21]. The uptake of microbubbles gives a late phase
contrast enhancement that is sustained after the typical blood pool
phase, because only the microbubbles that are phagocytosed are not
washed away in the blood stream and remain to provide contrast for
contrast-enhanced ultrasound imaging. The hepatosplenic uptake has
been attributed to the phagocytosis by Kupffer cells in particular [18].
Phagocytic ratios differ for various contrast agents, influenced by for
instance the charge of the microbubble or the shell composition
[18,22,23].

Although macrophages and neutrophils are the classic examples of
phagocytic cells, endothelial cells can also internalize particles through
phagocytosis. Human umbilical vein endothelial cells (HUVECs) have
been shown to phagocytose lipid droplets [24], bacteria [25], and
micron-sized magnetic beads conjugated to an VEGFR2 antibody [26].
However, up to now microbubble-cell interaction has been investigated
mostly using two-dimensional (2D) imaging and with a focus on what
happens after microbubble oscillation, thereby lacking the ability to
identify the occurrence of phagocytosis and how it possibly affects
microbubble-mediated drug delivery. To incorporate possible phago-
cytosis into the understanding of sonoporation mechanisms, the
microbubble-cell morphology prior to oscillation must be studied in
three dimensions (3D). Additionally, 3D imaging is also essential for a
holistic view of sonoporation after ultrasound, since Helfield et al. [10]
have shown how sonoporation of endothelial cells can be trans-
membrane in nature.

When studying therapeutic applications, targeted microbubbles have
been reported to result in a better therapeutic outcome than non-
targeted microbubbles [27]. This inspired the idea that there may be a
receptor- or ligand-dependent component influencing the efficacy of
enhanced drug delivery by ultrasound-activated microbubbles. A
comprehensive study focusing on the microbubble-cell configuration, or
morphology of targeting, both prior to and after ultrasound activation,
will give valuable insights for future development of targeted micro-
bubbles for therapeutic applications.

The aim of this study was to investigate the 3D morphology of the
endothelial cell membrane adjacent to a microbubble and the resulting
drug delivery response upon ultrasound insonification. The phagocy-
tosis of microbubbles by endothelial cells was evaluated as internaliza-
tion, identified by localization of the microbubble between the cell
membranes using 3D confocal microscopy for non-targeted, aps-tar-
geted, CD31-targeted, and IgG1-k control microbubbles. Additionally,
the oscillatory response of the microbubbles was quantified by ultra-
high-speed imaging. The influence of microbubble-cell morphology on
the drug delivery potential was evaluated by studying propidium iodide
(PI) uptake and membrane perforation upon microbubble oscillation for
each microbubble type.

2. Materials and methods
2.1. Microbubble preparation and targeting
The four types phospholipid-coated biotinylated microbubbles (non-

targeted, a,p3- and CD31-targeted, and IgG1l-x control) were produced
in-house with a C4F;o gas core according to the indirect method as
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described previously [28,29]. The coating composition included 1,2-dis-
tearoyl-sn-glycero-3-phosphocholine (DSPC; 84.8 mol%; Lipoid GmbH,
Ludwigshafen, Germany), polyoxyethylene-40-stearate (PEG-40 stea-
rate; 8.2 mol%; Sigma-Aldrich, Zwijndrecht, the Netherlands), 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene
glycol)-2000] (DSPE-PEG(2000); 5.9 mol%; Iris Biotech GmbH, Mark-
tredwitz, Germany), and 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[biotinyl(polyethylene  glycol)-2000] (DSPE-PEG(2000)-
biotin; 1.1 mol%; Avanti Polar Lipids, Alabaster, Alabama, USA). In
short, all components were dissolved in chloroform:methanol (9:1 v/v),
which was evaporated with argon gas (Linde Gas Benelux, Schiedam, the
Netherlands). The lipid film was first freeze-dried (Alpha 1-2 LD plus;
Mertin Christ GmbH, Osterode am Harz, Germany), then dispersed in
PBS with lipid dye DiD (1,1’-dioctadecyl-3,3,3',3'-tetramethylindodi-
carbocyanine perchlorate; Thermo Fisher Scientific, Waltham, MA,
USA) to fluorescently label the microbubble coating. The solution was
next placed in a sonicator bath for 10 min and then the mixture was
further dispersed using low power probe sonication (Sonicator ultra-
sonic processor XL2020, HeatSystems, Farmingdale, NY, USA) for 5 min.
Finally, microbubbles were produced by high power probe sonication
for 1 min, under constant flow of C4F;q.

Microbubbles were functionalized to target ayf3 or CD31 using
biotin-streptavidin bridging as described previously [12,30]. Previously
performed targeting specificity assays using the same CD31 [31], owfs
[9] and igG1-k [9] antibodies showed the specific binding of CD31- and
ayPs-microbubbles to HUVEC. Before targeting, microbubbles were first
washed three times by centrifugation at 400g for 1 min, then counted
with the Coulter Counter Multisizer 3 (50 pm aperture tube, Backman
Coulter, Mijdrecht, the Netherlands). Next, 6 x 108 microbubbles were
incubated with 60 pg streptavidin (Sigma-Aldrich) for 30 min on ice,
washed once, then incubated for 30 min on ice with 6 pg of either bio-
tinylated anti-human CD51/61 antibody (i.e. oyf3; BiolLegend, San
Diego, CA, USA) or biotinylated anti-human CD31 antibody (R&D Sys-
tems, Minneapolis, MN, USA). After incubation one final washing step
was performed and the targeted microbubbles were counted to deter-
mine the final concentration and size distribution. Control microbubbles
were functionalized with IgG1-k, a biotinylated isotype control antibody
for both the CD31 and o3 antibody (Sony Biotechnology, San Jose, CA,
USA). When using non-targeted microbubbles, these were taken from
the counted stock after the first three wash steps.

The average microbubble concentration (standard deviation be-
tween brackets) after production was 9.9 (3.3) x 10® microbubbles
(MB)/ml for non-targeted microbubbles, 3.9 (0.8) x 108 MB,/ml for OyP3-
targeted microbubbles, 2.9 (1.4) x 108 MB/ml for CD31-targeted
microbubbles, and 2.2 (0.7) x 10® MB/ml for igGl-x control micro-
bubbles. Their average diameter (standard deviation between brackets)
was 4.23 (0.29) pm for non-targeted microbubbles, 4.38 (0.10) pm for
ayps-targeted microbubbles, 4.02 (0.32) pm for CD31-targeted micro-
bubbles, and 5.08 (0.27) pm for igG1-x control microbubbles.

2.2. Endothelial cell culture

All experiments were performed with primary human umbilical vein
endothelial cells (HUVECs) from pooled donors (C2519A, LOT 437550,
Lonza, Verviers, Belgium) with passage number 4 to 8. The HUVECs
were cultured with Endothelial Cell Growth Medium (EGM)-2 (Lonza) in
T75 flasks and grown at 37 °C and 5% COz in a humidified incubator to
full confluency before replating. Before each experiment, the HUVECs
were detached with Accutase solution (Sigma-Aldrich) and replated on
the bottom membrane of an acoustically compatible CLINIcell [32]
(Mabio, Tourcoing, France) with 50 pm membranes (25 pmz) in 12 ml
EGM-2. CLINIcells were incubated for two days at 37 °C and 5% CO; to
achieve a fully confluent monolayer [9,12]. In total, 23 cultured CLIN-
Icells were used for experiments.
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2.3. Experimental set-up

To investigate the microbubble-cell interaction in 3D, a custom-built
system consisting of a confocal microscope (Nikon A1R+, Nikon In-
struments, Amsterdam, the Netherlands) coupled to the Brandaris 128
ultra-high-speed camera (built in-house [33]) was used as described
previously [9,12,34]. In short, a CLINIcell was placed into a water tank
at 37 °C for simultaneous imaging and ultrasound insonification
(Fig. 1A). At 45° incidence angle, a single element focused transducer
(2.25 MHz center frequency; 76.2 mm focal length; — 6 dB beam width
at 2 MHz of 3 mm; V305, Panametrics-NDT, Olympus, Waltham, MA,
USA) was mounted in the water tank after calibration with a needle
hydrophone (1-mm diameter, PA2293, Precision Acoustics, Dorchester,
UK). The ultrasound and optical foci were aligned using a pulse-echo
approach and a needle tip located at the optical focal plane [35].
Next, the cells were insonified with a single 2 MHz and 10-cycle burst by
an arbitrary waveform generator (33220A, Agilent, Palo Alto, CA, USA).
A peak negative pressure (PNP) of 200 kPa at the focus was generated
with a broadband amplifier (ENI A-500, Electornics & Innovation,
Rochester, NY, USA).

2.4. Live cell experimental protocol

The cell membranes were stained with CellMask™ Green Plasma
Membrane Stain (Thermo Fisher Scientific) by incubating with 4 pg/ml
final concentration for 10 min inside the cell incubator. Next, Hoechst
33342 (5 pg/ml final concentration; Thermo Fisher Scientific) was
added to stain the cell nuclei, propidium iodide (PI; 25 pg/ml final
concentration; Sigma-Aldrich) was added as a marker for sonoporation,
and a final concentration of 1 x 10° microbubbles/ml was added. The
CLINIcell was incubated during 5 min in the cell incubator while turned
upside down (i.e., with the cells on top). This allowed microbubbles to
float towards the cells and, in the case of targeted microbubbles, allow
them to bind to the cells. This was done for all types of microbubbles to
ensure a proper control experiment in the case of non-targeted and IgG1-
Kk control microbubbles.

Fig. 1 shows a schematic of the different CLINIcell configurations
used for imaging, with either the microbubbles positioned under the
cells (Fig. 1B) or the microbubbles positioned above the cells (Fig. 1C).
For non-targeted and IgGl-kx microbubbles the configuration with
microbubbles above the cells is not experimentally feasible, since the
microbubble would float up and away from the cell. From now on we
will refer to targeted microbubbles as oy B3.under and CD31ypder When
positioned under the cells, while oyf3.above and CD31,p0ve Will indicate
they are positioned above the cells. To image the CLINIcell as depicted in

A B) CLINIcell
Confocal
microscope g non-targeted
< [CONET
W
Brandaris 128 auBz CD31. 1aG1-k
g ultra-high-speed s, 9
camera
{ ;< Q) ° ayBs,CD31
Transducer CLINIcell é
with HUVEC ©
CLINIcell

Fig. 1. Schematic representation of the experimental set-up and sample ori-
entations to study microbubble-cell morphology and drug delivery outcome. A)
System for simultaneous high-resolution imaging and ultrasound insonification
of the CLINIcell with Human Umbilical Vein Endothelial Cells (HUVEC). B)
Orientation with microbubbles under the cells. C) Orientation with micro-
bubbles above the cells.
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Fig. 1C, the CLINIcell was turned upright after the last incubation step
and the top membrane without cells was cut out from the CLINIcell to
enable imaging with an objective with a working distance smaller than
the 5 mm spacing between the CLINIcell membranes. A 100x water
dipping objective (CFI Plan 100XC W, 2.5 mm working distance, Nikon
Instruments, Amsterdam, the Netherlands) was used with four laser
channels to image the microbubble-cell interaction: (1) Hoechst excited
at 405 nm, detected at 450/50 nm (center wavelength/bandwidth), (2)
CellMask Green excited at 488 nm, detected at 525/50 nm, (3) PI excited
at 561 nm, detected at 595/50 nm, and (4) DiD excited at 640 nm,
detected at 700/75 nm. Channel 1 and 4 were excited and detected
simultaneously because there is no spectral overlap between Hoechst
and DiD.

To image the microbubble-cell morphology in 3D prior to micro-
bubble oscillation, first a Z-stack was acquired with 0.33 pm steps and at
0.12 pm/pixel (FOV of 256 x 256 pixels). Next, the microbubble oscil-
lation and cellular response upon ultrasound insonification were imaged
in 2D at 0.25 pm/pixel (FOV of 256 x 256 pixels), similarly to as
described previously [9,12]. In short, a time-lapse of 3 min was acquired
with 2.6 frames per second (fps). After approximately 30 s, the light path
was automatically switched from the confocal to the Brandaris 128
ultra-high-speed camera to record the microbubble oscillation during
ultrasound insonification at ~17 Mfps. The start of ultrasound insoni-
fication was defined as t = 0 s. Once completed, the light path was
automatically switched back to the confocal to monitor the cellular
response for at least 2.5 min. After time-lapse imaging was completed,
another Z-stack was acquired to observe the cellular effect of micro-
bubble oscillation in 3D.

To obtain a control measurement of the cell thickness without a
microbubble, Z-stacks were also taken of FOVs without a microbubble
on the cell. To mimic both set-up orientations images were taken of cells
when under the CLINIcell membrane (configuration Fig. 1B, ‘under’)
and when above the CLINIcell membrane (configuration Fig. 1C,
‘above’).

2.5. Chromatic aberration

The 100x water dipping objective used in this study was not cor-
rected for axial chromatic aberration. Therefore, during confocal mi-
croscopy different excitation wavelengths were focused onto different
planes and lead to a slight displacement of the four imaging wavelengths
along the focal axis. In this study, we were especially interested in the
axial colocalization of the green 488 nm channel (i.e. the cell mem-
brane) and the far-red 640 nm channel (i.e. the microbubble shell).
Therefore, the axial offset between these two channels was quantified by
acquiring a confocal microscopy z-stack (21 slices with 0.2 pm step size)
of the reflection from a glass coverslip [36]. The focal plane for each
channel was obtained by fitting a Gaussian to the intensity profile along
the z-axis, similar to the internalized depth image analysis, as explained
below. The focal plane of the far-red channel (640 nm) was found to
appear 0.32 pm closer to the objective than the green (488 nm) channel.
During the quantification of the axial location of the microbubble, we
compensated for this axial offset of 0.32 pm.

2.6. Microbubble internalization image analysis

Microbubble internalization by an endothelial cell was quantified
using the Cell Mask™ green and DiD channels of the z-stacks before
ultrasound by using a custom semi-automated procedure in MATLAB
(2019b, The Mathworks Inc., Natick, MA, USA). A step-by-step example
of the internalized depth analysis is presented in Supplementary Fig. 1.
First of all, to identify the orthogonal planes slicing through the center of
the microbubble, in the xy-plane with maximum sum of DiD intensity
the microbubble was located (imfindcircles function). Next, the xz- and
yz-planes intersecting at the center of the microbubble were used to
quantify the internalization depth (red lines in Supplementary Fig. 1A).
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In the DiD channel of the intersection planes (Supplementary Fig. 1B),
the upper half of the microbubble (closest to the objective) has the
highest fluorescent intensity because only the upper half can be imaged
without artefacts due to the gas core. Therefore, a circular fit (circfit)
through the maximum of each z-intensity profile in both intersection
planes was used to identify the microbubble location (red circle in
Supplementary Fig. 1B). Next, in the CellMask Green channel of the
same intersection planes the apical and basal cell membrane were
identified. Since the microbubble’s gas core may alter the cell mem-
brane’s visualization, the membranes were tracked on the side of the
microbubble. For each z-intensity profile, two Gaussian non-linear least
square fits (gaussI) were used to identify the apical and the basal
membrane (Supplementary Fig. 1D). This was repeated for all z-profiles
within 4 ym to the left and right of the microbubble. A linear least-
squares fit (poly2) through the maximum of the Gaussian fit provided
the apical and basal cell membranes at the microbubble (Supplementary
Fig. 1C). Finally, the internalized depth was quantified as the difference
between the z-plane of the apical cell membrane at the microbubble’s
center and the z-plane of the microbubble closest to the basal membrane
(top of microbubble when under the cell and bottom of the microbubble
when above the cell). Due to the limited axial resolution (600 nm with
the current 100 x objective) [37], the distorted imaging through the gas
core of a microbubble, and the common inhomogeneities in the cell
membrane staining, the determined z-plane of the microbubble did not
always intersect with the z-plane of the apical cell membrane or lie in-
side the cell, resulting in a negative internalization depth. Similarly, the
microbubble’s z-plane was sometimes deeper than the z-plane of the
basal cell membrane, resulting in a relative internalization up 101%.

To quantify how deep a microbubble went into a cell, the cell
thickness at the microbubble location was also quantified for all field of
views (FOVs) as the difference between the apical and basal cell mem-
branes at the microbubble’s center. Since the endothelial cell thickness
is known to vary depending on the location on the cell, being thickest
around the nucleus and thinning towards the edges, the effect of
microbubble location on internalization was also evaluated. The
microbubble location on the cell was quantified as the distance from the
microbubble to the closest cell edge in the first frame of confocal mi-
croscopy time-lapse imaging, as previously described [12].

The occurrence of distinctive cell membrane morphological traits
identified in the CellMask Green channel was manually scored for all
FOVs with microbubbles. We evaluated for the presence of four different
traits at the microbubble location: 1) a circular area of decreased in-
tensity in the xy-plane, referred to as ‘shadow’ (Supplementary Fig. 2F);
2) a high intensity ring in the xy-plane, referred to as ‘green ring’
(Supplementary Fig. 2C and D); 3) a protrusion of the cell membrane in
the xz- and yz-plane, referred to as ‘dome’ (Supplementary Fig. 2D); and
4) the presence of green signal around the microbubble shell outside the
cell, referred to as ‘dye-transfer’ (Supplementary Fig. 2F).

2.7. Ultra-high-speed imaging analysis

The microbubble radius upon ultrasound insonification as a function
of time was quantified from the Brandaris 128 ultra-high-speed re-
cordings using custom-designed image analysis [38]. Microbubble
excursion amplitude was defined as the difference between the
maximum radius (Ryax) and the initial radius (Rg, determined from the
first 10 frames without ultrasound). The oscillation amplitude thresh-
olds for sonoporation were determined by linear discriminant analysis,
as previously described [12,13].

2.8. Drug delivery image analysis

The cellular response after ultrasound was evaluated for sonopora-
tion, identified as a local increase of PI in the cell on which the micro-
bubble was located. The sonoporated cells were also delineated using
custom-built image analysis software to quantify the amount of PI
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uptake over time, as previously described [9,12]. To quantify membrane
perforation, a semi-automated custom-built image analysis script in
MATLAB was used to automatically track the perforated area in the
CellMask Green channel as a function of time after insonification. In the
first confocal microscopy frame after ultrasound an initial square region
of interest (ROI) was drawn, approximately 6 x 6 pm. Within this initial
RO, the script searched for a local decrease of CellMask green intensity,
defined as a connected region (bwconncomp) of more than 3 pixels that
have a fluorescent intensity lower than 2/3 of the mean intensity in the
ROI (after imfill of holes, at 4-pixel connectivity). For each time point,
this analysis was repeated in a ROI defined by the bounding box of the
previously found perforated area increased by 5 pm in width and height
(or the initial square ROI, as long as no perforated area could be iden-
tified). Next, a perforated area was classified as a pore when there was
still CellMask signal remaining or as a tunnel when there was no
apparent CellMask fluorescent intensity remaining in the perforated
area, hence comparable to the background noise level.

To assess the reversibility of sonoporation, the PI uptake time pro-
files were further analyzed to determine the size and resealing co-
efficients of the intracellular perforations, as mathematically described
by Fan, et al. [39]. The mathematical fit and subsequent classification of
cells into categories was done as previously described [9,12,40]. Briefly,
the sum of PI fluorescent intensity in the delineated cell, F(t), was fitted
to

a

F(r) = 5 (1—e)

@

where « is the perforation size coefficient and j the perforation resealing
coefficient. When F(t) did not reach 90% of its asymptotic value within
120s (i.e. p< — In (1 — 0.9)/120 s_l), cells were classified as non-
resealing and thus irreversibly sonoporated [40]. Next, all PI uptake
curves that stabilized within 120 s (i.e. § > — In (1 — 0.9)/120 s~ were
additionally classified using PCA, resulting into two sub-categories: one
with relatively low size and high resealing coefficients, from now on
referred to as resealing and thus reversibly sonoporated [40], and one
with relatively high size and low resealing coefficients, from now on
referred to as saturated. This last category was classified as saturated
because these PI uptake profiles typically stabilize due to image satu-
ration or DNA/RNA saturation instead of pore resealing, as previously
described [12], and are therefore indicative of severe cell damage upon
sonoporation.

2.9. Statistical analysis

Statistical analysis was performed using MATLAB. Data was tested
for normality using the Shapiro-Wilk test. For data that was not normally
distributed, the Kruskal-Wallis test was performed to evaluate whether
groups (n > 2) originated from the same distribution. When the Kruskal-
Wallis test was rejected at a significance level of p < 0.05, follow-up
multiple comparison Mann-Whitney tests on pairs with a Bonferroni
correction were performed to determine which groups were statistically
significantly different. To determine the correlation between non-
normally distributed parameters, the Spearman’s rank-order correla-
tion was evaluated. Categorical data was tested for significant differ-
ences among groups using a Fisher’s exact test, accounting for possible
zZero occurrence.

To explore the influence and correlation of the many different pa-
rameters involved in microbubble internalization and microbubble-
mediated drug delivery, principal component analysis (PCA) was
applied. PCA was used since this method reduces the dimensionality of a
large dataset, thereby increasing its interpretability, by computing the
principal components (i.e. eigenvectors) along which the data has the
largest variance and quantifying how much variance there is in each
direction (i.e. the corresponding eigenvalues). The principal compo-
nents were calculated for the microbubble excursion amplitude,
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internalized depth, distance from the microbubble to the nearest cell
edge, and cell thickness. This was employed to explore the differences
between the microbubble types and set-up orientations and drug de-
livery outcomes.

All graphical representations using boxplots display the median and
interquartile range (IQR), using the standard whiskers ranging from the
first quartile minus 1.5 times the IQR up to the third quartile plus 1.5
times the IQR, and show outliers outside this range with black dots.

3. Results
3.1. Microbubble internalization

The position and morphology of a microbubble with respect to a cell
was evaluated for 221 FOVs with a microbubble underneath a cell and
for 80 FOVs with a microbubble above a cell, with n > 39 for each
microbubble type and orientation. The detailed n numbers for each
microbubble type can be found in Supplementary Table 1.

In Fig. 2, typical examples of the 3D microbubble-cell morphology
are shown for each microbubble type and set-up orientation. Fig. 2A
shows a non-targeted microbubble (diameter (@) = 3.5 pm) underneath
the cell and without any apparent alteration of the cell membrane
(Supplementary Fig. 2A). By quantifying the distance between the

A) Non-targeted C) a,Bs.under

] Microbubble (DiD)

B Cell membrane (CellMask Green)
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microbubble and the apical membrane, the internalized depth was
found to be —0.2 pm. Fig. 2B shows an IgG1-k control microbubble (& =
3.3 pm) underneath the cell, with an internalized depth of —0.5 pm, and
without any apparent alteration of the cell membrane (Supplementary
Fig. 2B). Fig. 2C shows an oyf3.under microbubble (@ = 5.0 pm) that is
localized between the two cell membranes, with an internalized depth of
3.9 pm, and with a distinguishable green ring in the cell membrane
around the microbubble (Supplementary Fig. 2C). In Fig. 2C(ii) and (iii)
the apical cell membrane directly below the microbubble is poorly
distinguishable because imaging is hampered by the gas core of the
microbubble. Fig. 2D shows an of3.above microbubble (@ = 3.9 pm)
localized inside the cell, with an internalized depth of 3.1 pm, and with
both a distinctive green ring and a dome in the cell membrane (Sup-
plementary Fig. 2D). Fig. 2E shows a CD31ypder microbubble (& = 3.1
pm) underneath the cell, with an internalized depth of 0.8 pm, and with
no distinguishably alteration of the cell membrane (Supplementary
Fig. 2E). Finally, Fig. 2F shows a CD314p0ve microbubble (@ = 3.3 pm)
above the cell, with an internalized depth of —0.1 pm, and with a
distinguishably shadow on the cell membrane and CellMask Green dye-
transfer around the microbubble shell (Supplementary Fig. 2F). In
Fig. 2F(ii) and (iii) the cell membrane is again poorly distinguishable
directly below the microbubble.

The ayp3 microbubbles showed significantly (p < 0.001) more

E) CD31

under

F) CD31,,..e

Fig. 2. Orthogonal views of typical examples of confocal microscopy z-stacks showing the 3D morphology of the endothelial cell membrane and microbubbles: A)
non-targeted microbubble underneath the cell, B) IgG1-k control microbubble underneath the cell, C) ayB3.under targeted microbubble underneath the cell, D) o, f3.
above targeted microbubble above the cell, E) CD31qer targeted microbubble underneath the cell, and F) CD31 ,p4ve microbubble above the cell. Side views have the
objective imaging from (ii) above or (iii) the right. Orange markings indicate the cross-section of the orthogonal planes of the side views. See Supplementary Fig. 2 for
only the CellMask Green channel of the same views. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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internalization than any other type of microbubble, with a median (IQR
between square brackets) internalized depth of 4.0 pm for o f3.under and
3.0 pm for owP3.above (Fig. 3A). The CD31ypqer microbubbles, with an
internalized depth of 0.9 pm, internalized significantly (p < 0.001) more
than the CD314p0ve microbubbles (—0.1 pm), non-targeted microbubbles
(—0.1 pm), and IgG1l-x microbubbles (0.1 pm). The orientation of the
microbubble with respect to the cell affected the internalized depth
when comparing the same microbubble type. When the oyf3 or CD31
microbubble was located underneath the cells the internalized depth

Journal of Controlled Release 347 (2022) 460-475

was significantly larger (p < 0.001) than when located above the cells.

In Fig. 3B the correlation between the internalized depth and cell
thickness is shown for each microbubble type and set-up orientation.
The internalized depth of a3 microbubbles strongly correlated with the
cell thickness [Fig. 3B(iii)], both for o B3 ynder (Spearman’s correlation
coefficient p = 0.89, p < 0.001) and 0yf3-above (p = 0.69, p < 0.001). This
correlation appeared to weaken for the other microbubbles types with
decreasing internalized depths, showing a moderate correlation for
CD31ynder microbubbles (p = 0.57, p < 0.001) [Fig. 3B(iv)]. A weak
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Fig. 3. Internalized depth of microbubbles into endothelial cells for non-targeted microbubbles (dark blue), IgG1-k control microbubbles (light blue), ayB3.under
targeted microbubbles (light green), ayPs.above targeted microbubbles (dark green), CD31nger targeted microbubbles (yellow), CD31,p0ve targeted microbubbles
(orange). A) Internalized depth for the distinct microbubble types and experimental set-up orientations; statistically significant differences indicated by horizontal
lines (all at p < 0.001, i.e. p < 6.67e-05 after Bonferroni correction). B) Internalized depth as a function of cell thickness. C) Internalized depth as a function of
microbubble (MB) diameter. D) Internalized depth as a function of the distance from the microbubble to the nearest cell edge. In all plots the arrows indicate the data
points corresponding to the typical examples of Fig. 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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correlation was found for the categories that had a median internalized
depth < 0.1 pm, which was significant for non-targeted microbubbles (p
= 0.26, p < 0.05) and non-significant for CD31peve (p = 0.26, p = 0.1)
and IgGl-k (p = 0.11, p = 0.4) microbubbles. An overview of all cor-
relation coefficients between internalized depth and cell thickness is
given in Supplementary Table 2.

To further investigate internalization, we can compare the scatter
plots of o,B3 microbubbles in Fig. 3B(iii) and of CD31 microbubbles in
Fig. 3B(iv). It becomes apparent that there are more CD31 microbubbles
with an internalized depth smaller than the cell thickness (on the right
bottom half of the graph), than for o,f3 microbubbles. This indicates
that there are more CD31 than oyf3 microbubbles that do not completely
fill the cell. If we normalize the internalized depth to the cell thickness,
to quantify how much of the cell is filled with the microbubble, this is
only 28% for CD31 microbubbles and indeed significantly (p < 0.001)
lower than the 101% for ayp3 microbubbles.

The cell thickness (Supplementary Fig. 3) was also evaluated for cells
without a microbubble in both set-up orientations, i.e. with the cells
under (n = 21) or above (n = 12) the CLINIcell membrane. The median
cell thickness was 2.3 pm and 2.2 pm, respectively. There was no sig-
nificant difference in cell thickness between these two orientations when
there was no microbubble on the cell. The cell thickness found for o f3
microbubbles was significantly (p < 0.001) larger than that of any other
type of microbubble.

In Fig. 3C the internalized depth is shown as a function of the
microbubble diameter. The internalized depth of ayf3 microbubbles
correlated with the microbubble diameter, both for ayB3ynder (Spear-
man’s correlation coefficient p = 0.50, p < 0.001) and ayB3-above (p =
0.62, p < 0.001). Despite that this correlation was not significant for
CD31 microbubbles, Fig. 3C(iv) does show that the CD31pder micro-
bubbles that are most internalized correspond to those with the largest
diameter. An overview of all correlation coefficients between the
internalized depth and microbubble diameter is given in Supplementary
Table 2.

Finally, Fig. 3D shows the relationship between internalized depth
and the microbubble location on the cell, quantified as the distance
between the microbubble and the nearest cell edge. There was no cor-
relation between internalization and microbubble location for any of the
microbubble types or set-up orientations, see detailed correlation co-
efficients in Supplementary Table 2.

The overall occurrence of the distinctive cell membrane morpho-
logical traits identified and described above (Fig. 2 and Supplementary
Fig. 2), revealed that a shadow was found significantly (p < 0.001) more
often for microbubbles above a cell (ayf3.above and CD31p0ve) and for
0yP3-under than for the other microbubble types (CD31ypder, NON-targeted,
IgGl-x; Supplementary Fig. 4A(i)). In 24% of the CD31ypder micro-
bubbles a shadow was identified, which corresponded to the most
internalized microbubbles: the internalized depth of CD31pger with a
shadow was significantly (p < 0.001) larger than those not exhibiting a
shadow, as shown in Supplementary Fig. 4A(ii). Green rings were found
significantly (p < 0.001) more often for a,p3 and CD31 microbubbles
than for IgG1-x or non-targeted microbubbles (Supplementary Fig. 4B).
Domes were found for 33% of all ayp3 and CD31 microbubbles, but
significantly (p < 0.001) more often for the oyPsapove microbubbles
(79%) than for any other type or orientation (Supplementary Fig. 4C).
Finally, dye-transfer was found significantly (p < 0.001) more often for
CD31,pove microbubbles than any other type and orientation (Supple-
mentary Fig. 4D). When either a dome or dye-transfer was identified in
the xz- or yz-plane, most often also a green ring was identified in the xy-
plane (striped areas in Supplementary Fig. 4C and D).

3.2. Acoustic behavior
After 3D imaging of the initial microbubble-cell configuration, for

246 of these FOVs the microbubble’s excursion upon ultrasound inso-
nification was recorded using the Brandaris 128 ultra-high-speed
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camera, with n > 32 per microbubble type. The sample size per micro-
bubble type and set-up orientation can be found in Supplementary
Table 1. The ultra-high-speed imaging revealed that microbubble
excursion amplitude was smaller when microbubbles were internalized
(Fig. 4). In Fig. 4A, the microbubble excursion amplitude (Ryax-Ro) is
shown as a function of initial microbubble radius (Rg), where the scatter
markers are colour-coded ranging from not internalized in blue to highly
internalized in yellow. This colour-coded representation reveals the blue
scatter points at higher excursion amplitudes than those colored in
green/yellow tones, hence showing how a larger internalized depth led
to a lower excursion amplitude. This is confirmed by the average
excursion of non-internalized microbubbles (internalized depth < 1 pm,
blue line) being consistently higher than that of internalized micro-
bubbles (internalized depth > 1 pm, yellow line). For microbubbles with
Ro up to 3.2 pm, statistical testing confirmed that the excursion ampli-
tude was significantly higher for non-internalized microbubbles (inter-
nalized depth < 1 pm), as represented in Fig. 4B. Additionally, in
Fig. 4A, the characteristic resonance behavior of microbubbles can be
recognized, showing a slightly larger resonance radius for non-
internalized microbubbles (2.4 pm, blue line) than for internalized
microbubbles (2.2 pm, yellow line).

3.3. Drug delivery by pores or tunnels

After ultra-high-speed imaging of the microbubble oscillation
behavior, the cellular response upon microbubble oscillation was eval-
uated for a total of 230 FOVs using time-lapse confocal microscopy, with
n > 31 per microbubble type and set-up orientation (detailed sample size
per category in Supplementary Table 1). Typical examples of the cellular
responses are presented in Fig. 5, showing selected frames of confocal
microscopy time-lapse imaging, the microbubble excursion, and time
profiles of the perforated area and PI and CellMask Green intensity.
Before ultrasound, confocal microscopy showed a single microbubble in
each field view and revealed that each cell was viable and had an intact
cell membrane (absence of PI).

Fig. 5A shows a typical example of PI uptake and distinguishable
membrane perforation. The corresponding confocal microscopy
recording is shown in Video S1. After ultrasound, high PI uptake was
observed starting at the microbubble location and gradually spreading
into the cell over time. Additionally, membrane perforation was iden-
tified as an area with decreased CellMask Green intensity, localized next
to the microbubble. This perforated area increased to about 30 pm?
during the first ~30s and then the pore remained open throughout the
rest of the recording (the slight variation in perforated area is caused by
focus drift throughout time-lapse live cell imaging). The 3D confocal
microscopy image after the time-lapse recording, confirmed that there
was still CellMask Green signal in the perforated area (Supplementary
Fig. 5A). This indicates that there was still cell membrane present there,
suggesting that only the apical membrane was perforated and that the
basal membrane was still intact. This type of perforation will from now
on be described as the formation of a pore.

In Fig. 5B another typical example is shown of PI uptake and visibly
distinguishable membrane perforation. The corresponding confocal
microscopy recording is shown in Video S2. After ultrasound insonifi-
cation, again high PI uptake was observed to gradually fill the cell over
time and membrane perforation was identified. The perforated area
quickly increased to about 50 pm? within the first ~20s and then sta-
bilized. However, in this case the CellMask Green signal seemed to have
completely disappeared in the perforated area. This suggests that both
the apical and the basal membrane had been perforated. This resulted
into a transcellular perforation, as confirmed by the final 3D confocal
microscopy (Supplementary Fig. 5B). This type of perforation will from
now on be described as formation of a tunnel.

In Fig. 5C another typical example is shown of PI uptake and tunnel
formation. The corresponding confocal microscopy recording is shown
in Video S3. After ultrasound insonification, PI uptake was observed
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immediately but in contrast to the previous examples, it stabilized at a
low level. At 45 s after ultrasound, the perforated area became distin-
guishable in the confocal microscopy time-lapse image and gradually
increased to about 25 ym?, with no remaining CellMask Green signal in
the perforated area, indicating the formation of a tunnel. This trans-
cellular perforation was again confirmed by the final 3D confocal mi-
croscopy (Supplementary Fig. 5C). The confocal microscopy images and
the time profile of the PI intensity in the cell (red curve) indicate
noticeably lower PI uptake in Fig. 5C than that in Fig. 5A and B, despite
that in all three cases the membrane perforation clearly remained at the
end of time-lapse imaging and was of similar size (black curve). This
suggests that in Fig. 5C the initial intracellular perforation allowing
uptake of PI from the extracellular space into the cytoplasm resealed and
only a transcellular perforation (i.e. tunnel) remained. The difference
between the perforated areas classified as a pore or a tunnel is clearly
confirmed by the time profile of the CellMask Green intensity: for a pore
(Fig. 5A) the intensity decreased to 54% of the fluorescent intensity
before ultrasound, while for the tunnel it decreased to only 13%
(Fig. 5B) or 20% (Fig. 5C) of the initial fluorescent intensity.

Finally, in Fig. 5D a typical example is shown of PI uptake without
distinguishable membrane perforation. The corresponding confocal
microscopy recording is shown in Video S4. After ultrasound, PI uptake
was observed to gradually fill the cell while stabilizing at a low level.
However, in this case no area of decreased CellMask Green intensity
could be identified that would indicate membrane perforation (Sup-
plementary Fig. 5D). This indicates that a pore was formed by the
oscillating microbubble, causing PI uptake, but that it resealed too
quickly, was too small to be identified with the CellMask Green dye and
current imaging resolution, or concealed by the internalized
microbubble.

The uptake of PI and the perforation of the cellular membrane was
monitored, revealing four distinct responses: 1) no PI uptake and no
distinguishable membrane perforation, 2) PI uptake with a distin-
guishable membrane perforation identified as a pore (Fig. 5A), 3) PI
uptake with a distinguishable membrane perforation identified as a
tunnel (Fig. 5B and C), and 4) PI uptake without distinguishable mem-
brane perforation (Fig. 5D).

The occurrence of tunnels upon sonoporation was lower for ayf3
microbubbles (0% of sonoporated cells for ayB3.ynder and 11.5% for o f3.
above) than for the other types of microbubbles (25.0% of sonoporated
cells for non-targeted, 17.9% for IgGl-x, 26.1% for CD31ypder, and
34.8% for CD314p0ve) (Fig. 6, blue). Additionally, oyf3 microbubbles
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Fig. 6. Occurrence of drug delivery and cellular responses upon microbubble
oscillation: no PI uptake (gray), PI uptake without distinguishable membrane
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guishable membrane perforation identified as visible pore (dark red), and PI
uptake with a distinguishable membrane perforation identified as a tunnel
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reader is referred to the web version of this article.)
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resulted in PI uptake with invisible pores upon sonoporation more often
(93.3% of sonoporated cells for ayp3.ynder and 80.8% for ayP3.above), than
for any other type of microbubble (12.5% of sonoporated cells for non-
targeted, 28.6% for IgGl-x, 26.1% for CD31ynder, and 56.5% for
CD31,pove) (Fig. 6, light red).

In Fig. 7A, the amount of PI uptake is shown as a function of the
perforated area, evaluated 120 s after ultrasound insonification. This
quantification reveals that for o,ps-targeted microbubbles the perfo-
rated area upon PI uptake was small and often not distinguishable
[Fig. 7A(iii)]. PI uptake took place; however, the membrane disruption
could often not be identified (see typical example in Fig. 5D). For the
other types of microbubbles, sonoporation with a large pore (red,
perforated area > 20 pm?) always resulted in high PI uptake [Fig. 7A (i),
(ii), and (iv)]. On the other hand, sonoporation with a large tunnel (blue,
perforated area > 20 pm?) led to both high and low PI uptake (Fig. 7A).
This indicates that upon tunnel formation PI uptake sometimes stabi-
lized early on, suggesting resealing of the membrane, while the trans-
cellular perforation (i.e. tunnel) remained open (Fig. 11B iii). Overall,
Fig. 7B reveals that microbubbles internalized by at least 1 pm, created
significantly (p < 0.001) smaller perforated areas upon sonoporation.

The median (IQR between square brackets) internalized depth of
microbubbles that caused sonoporation with a tunnel was 0.0
[—0.3-0.6] pm and significantly (p < 0.01) smaller than that of micro-
bubbles that caused sonoporation with a pore (0.6 [0.0-2.8] pm)
(Fig. 7C). The thickness (1.1 [0.8-1.4] pm) of cells in which tunnels were
caused was significantly (p < 0.001) smaller than that of cells with pores
(1.7 [1.1-3.2] pm) or without sonoporation (1.7 [1.0-2.9] pm)
(Fig. 7D). Additionally, tunnels were caused by microbubbles that were
significantly closer to the cell edge than those that caused a pore or no
sonoporation (Fig. 7E). Finally, there was no significant difference be-
tween the excursion amplitude of microbubbles that caused pores or
tunnels (Supplementary Fig. 6A), but in both cases the excursion
amplitude was significantly (p < 0.001) higher than the amplitude of the
microbubbles that caused no sonoporation.

The threshold for sonoporation was lower for o,f3 targeted micro-
bubbles (Rpax-Ro = 0.7 pm) than for CD31, IgGl-k, or non-targeted
microbubbles (Rpax-Ro = 0.9 pm) (Fig. 8). The response appeared
more predictable when the oyf3 microbubble was above the cell, since
24 out of 24 microbubbles above the threshold caused sonoporation for
OyP3-above, but only 12 out of 20 microbubbles that oscillated above the
threshold caused sonoporation for oyP3.ynder-

The size coefficients (a) and resealing coefficients () obtained from
fitting the PI uptake profiles to Eq. (1) are shown for pores (Fig. 9A) and
tunnels (Fig. 9B). Non-resealing intracellular perforations (Fig. 9, gray),
indicating irreversible sonoporation, occurred notably more often for
pores (64 out of 111 [58%]) than for tunnels (2 out of 28 [7%]).
Additionally, two clear sub-categories were identified: resealing (Fig. 9,
orange; 18 out of 111 pores [16%], 10 out of 28 tunnels [36%]) and
saturated (Fig. 9, purple; 29 out of 111 pores [26%], 16 out of 28 tunnels
[57%]). For both pores and tunnels the relative occurrence of these sub-
categories was the same, since saturated perforations were found to
occur 1.6x more often than resealing perforations. The low and stabi-
lizing PI uptake curves of Fig. 5C and D correspond to resealing perfo-
rations, indicating reversible sonoporation, while the high and
stabilizing PI uptake curves of Fig. S5A and B correspond to saturated
perforations, suggesting severe cell damage upon sonoporation.

3.4. Principal component analysis

To explore the influence of the different parameters on microbubble
internalization, drug delivery outcome and cellular response, a principal
component analysis was performed of which the results are presented in
Table 1 and Fig. 10. The first principal component (PC1) is dominated by
the microbubble excursion amplitude, cell thickness, and internalized
depth. The second principal component (PC2) is dominated by the
microbubble excursion amplitude and distance from the microbubble to
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of this article.)

the nearest cell edge. The loading plot in Fig. 10A visualizes these
components.

In Fig. 10B, the PCA scoring and loading plot show the distribution of
the different microbubble types and set-up orientations. The oyf3 tar-
geted microbubbles (light and dark green) are clearly shifted towards
the right of the plot, towards the PC1 > 0. Based on the variable loading
(Table 1), that means that a3 microbubbles exhibit lower microbubble
excursion amplitudes, higher internalized depths, larger distances from
the cell edge, and higher cell thicknesses than any of the other micro-
bubble types. In Fig. 10C, the PCA scoring is shown for the different drug
delivery outcomes. The occurrence of sonoporation with distinguishable
pores (red) is shifted towards both the top and left quadrants of the plot,
corresponding to the higher excursion amplitudes. The occurrence of
sonoporation with tunnels (blue) is shifted more towards the left (PC1 <
0), corresponding to lower internalized depths, smaller distance from
the cell edge, and lower cell thickness.

4. Discussion

The 3D morphology of the endothelial cell membrane adjacent to
microbubbles was evaluated for non-targeted, ayps-targeted, CD31-
targeted, and IgGl-k control microbubbles. The ayf3 microbubbles
were most internalized, with a median internalized depth of 3 pm when
above and 4 pm when under the cell, while for CD31 microbubbles
internalization was only significant when the microbubble was under
the cell (0.9 pm). Since non-targeted and IgG1-k control microbubbles
showed negligible internalized depths (< 0.1 pm), internalization
appeared to be a receptor-mediated mechanism. Furthermore, the in-
fluence of microbubble internalization on the drug delivery outcome
and cellular response was investigated by recording the microbubble
oscillation at ultra-high temporal resolution and subsequent model drug
uptake and membrane perforation in 2D and 3D at high-spatial

469

resolution. Different cellular responses were observed with sonopora-
tion occurring by formation of pores and tunnels. The sonoporation
threshold was lower for a,p3 microbubbles than for all other micro-
bubble types, signifying that the 3D morphology of the endothelial cell
membrane upon microbubble internalization and the resulting micro-
bubble oscillation affected the drug delivery outcome.

4.1. Internalized targeted microbubbles

For a better understanding of microbubble internalization, the cor-
relations between internalized depth and other parameters — cell
thickness, microbubble size, and microbubble distance to cell edge —
were explored in more detail (Fig. 3). While there was no clear corre-
lation between the microbubble distance to cell edge and the internal-
ized depth, the cell thickness and microbubble size both correlated with
the internalized depth, especially for a,p3 microbubbles. Cell thickness
was larger when microbubbles were more internalized and when
compared to the control cells without microbubbles. Moreover, the
larger the microbubble, the higher the internalized depth. Hence, it
appeared that o3 microbubbles were fully internalized into the cell,
with the cell membrane covering the internalized microbubbles entirely
and resulting in thickening of the cells (Fig. 11A iii, iv). This can be
observed in the typical examples shown in Fig. 2C and D (Supplemen-
tary Fig. 2C and D) and often resulted into dome formation (Fig. 2D)
when the cell membrane covered a microbubble that was larger than the
cell thickness (Fig. 11A iv).

The orientation of the set-up, being microbubble under the cell or
microbubble above the cell, also affected the internalized depth. Both
ayPs and CD31 microbubbles located above the cells were significantly
less internalized than the same type of microbubble located underneath
the cell. This can be explained by buoyancy, since despite the fact that
the microbubble is internalized when it is located above the cells it tends
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Fig. 8. Microbubble excursion and drug delivery outcome resulting in no PI
uptake (gray), sonoporation with pores (red), or sonoporation with tunnels
(blue) for all microbubble types: A) non-targeted, B) IgG1-k, C) ayP3.under (Cir-
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All plots show microbubble excursion amplitude (Rmax-Ro) as a function of
microbubble resting radius (Ro). Sonoporation threshold indicated by the
dotted line and the number. The arrows indicate the data points corresponding
to the typical examples of Fig. 5. See Supplementary Fig. 6A for statistical
comparison between drug delivery outcome categories. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Table 1

Scores of principal component analysis of microbubble excursion amplitude
(Rmax-Ro), internalized depth, distance between microbubble and nearest cell
edge, and cell thickness. The scores indicate the weight of each variable in the
PCA component.

PC1 PC2
Microbubble excursion —0.4239 2.2570
Internalized depth 0.3850 —0.0364
Distance to cell edge (MB-cell) 0.0829 0.1005
Cell thickness 0.5119 —0.0062
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to float upwards, thereby slightly ‘pulling’ itself out of the cells causing
lower internalized depths (Fig. 11A iv). In this orientation the formation
of domes upon internalization (0tyf3.above) Was observed more often,
confirming that the cell membrane lined the internalized microbubble.
Vice versa, when the microbubble was underneath the cell, it would
float upwards ‘pushing into’ the cell, hence favoring a greater inter-
nalized depth. By studying microbubbles internalization in two orien-
tations, we were able to properly visualize the basal cellular membrane
when the microbubble was located under the cell or properly visualize
the apical cellular membrane when the microbubble was above the cell,
thereby still providing us with a complete picture of the internalization
morphology.

No difference was found between internalized depth measured after
about 10 min, i.e. the first microscopy imaging time point, compared to
after 2 h after adding the microbubbles to the cells. This indicates that
internalization of microbubbles by endothelial cells occurred within 10
min upon targeted microbubbles coming into contact with the cellular
receptors, instead of progressing over a longer time window. This is in
agreement with the previously found timescales of internalization
(5-15 min) of similarly-sized particles by HUVEC and of microbubbles
by leukocytes [41,42].

Distinct morphological traits in the cell membrane were monitored,
being the occurrence of a shadow or green ring at the microbubble
location, and dome formation or dye-transfer from the cell membrane to
the microbubble coating. When the microbubble was under the cell,
observation of a shadow indicated microbubble internalization (ofs3.
under and CD31ypder, Supplementary Fig. 4). The appearance of a shadow
in the endothelial cell membrane was related to the internalized depth of
the microbubble. When the microbubble was above the cell (0yf3.above
and CD31,pove), @ shadow was found irrespective of internalization,
explained by the microbubble’s gas core having a different breaking
index than the surrounding medium, resulting in a decreased fluorescent
signal. In the case of dome formation, it appeared as if the cell mem-
brane fully covered the microbubble, which was noticeably different
from the occurrence of dye-transfer, where only some spots of cell
membrane dye were visible on the microbubble shell. Based on our re-
sults it is not possible to distinguish between the transfer of dye only, or
the transfer of membrane lipids into the microbubble coating bringing
the fluorescent dye molecules along. Dye transfer was observed for IgG1-
k control, non-targeted, and CD31 microbubbles, but not for of3
microbubbles. This suggests that the process of dye or lipid transfer was
not solely receptor-mediated. Since dome formation was often observed
for ayPs microbubbles, perhaps dye transfer was inhibited or obscured
by complete internalization of the microbubble by the endothelial cell.
Finally, green rings were observed for the majority of a,p3 and CD31
microbubbles, but notably less observed for the non-targeted and IgG1-«k
control microbubbles. The occurrence of this highly fluorescent ring
might be due to the rearrangement of membrane lipids, which could
become more tightly packed around the microbubble location resulting
in an increased concentration of dye.

Previous work that focused on internalization of microbubbles by
macrophages and endothelial cells showed that while macrophages
efficiently internalized polyvinyl-alcohol-coated microbubbles, endo-
thelial cells did not [43]. This is in agreement with the non-targeted and
IgG1-x control groups, which were not internalized in our study. To the
best of our knowledge, internalization by endothelial cells of micro-
bubbles targeted to specific receptors has not been investigated before;
although the endothelial cell receptors ayps-integrin and CD31 have
been investigated extensively. HUVECs cultured under flow are able to
internalize submicron-sized membrane vesicles with a mechanism
involving ayPs-integrin [44], which is in line with our observations of
ayPs-targeted microbubbles being internalized.

The CD31-targeted microbubbles adhered to the endothelial cells by
binding to CD31, also known as PECAM-1. Similar sized particles, such
as Plasmodium falciparum-infected erythrocytes, also adhere to PECAM-
1, but were suggested to be too large for internalization [45]. Different
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Fig. 11. Schematic representation of the observed 3D microbubble-endothelial cell dynamics. A) Microbubble-cell morphology showing the microbubble (i) under or
(ii) above the cell and a targeted microbubble internalized (iii) under or (iv) above the cell. B) Cellular response and drug delivery outcome resulting in PI uptake by
(i) an indistinguishable perforation, (ii) a distinguishable perforation, (iii) a tunnel with low PI uptake due to resealing of the membrane while the tunnel remains
open and (iv) a tunnel with simultaneous membrane perforation leading to high PI uptake.

ligand-dependent pathways have been shown to facilitate internaliza-
tion of smaller particles (100-300 nm in diameter) by HUVECs through
PECAM-1 binding [46]. Since for CD31 microbubbles internalization
was only significant when the microbubble was located under the cell
and to a lesser extent than for ayfs microbubbles, it is possible that
internalization for CD31 was partly driven by the buoyancy of the
microbubble. Although non-targeted and IgGl-k microbubbles were
studied under this same orientation, internalization was not observed.
Hence, internalization of a,f3 and CD31 microbubbles appeared to be a
combined result of an orientation- and ligand-driven process.

Previous work on the phagocytosis of microbubbles found that non-
targeted phospholipid-coated microbubbles were phagocytosed by leu-
kocytes through opsonization of the complement component C3/C3b
[42]. However, in the current study non-targeted microbubbles were not
internalized by HUVECs, hence it is unlikely that complement factors
binding to the microbubble surface or ligand play a role in the inter-
nalization of targeted microbubbles by HUVECs.

4.2. Drug delivery outcome by pores and tunnels

The acoustic response of individual microbubbles was recorded with
ultra-high-speed imaging to determine the acoustic behavior and its
effect on the drug delivery outcome. The excursion amplitude and
resonance size were lower for internalized microbubbles. This suggests
an increase in viscous damping, which is in agreement with the
decreased oscillation observed by high-speed streak imaging of
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phagocytosed MP1950 microbubbles in neutrophils [47].

After microbubble oscillation, sonoporation identified by PI uptake
and a frequently coinciding distinguishable cell membrane perforation
were observed (Fig. 5). In the distinguishable perforated areas, the level
of fluorescence signal in the CellMask Green channel was either half of
the pre-insonification level or approaching zero. Since the distance be-
tween the apical and basal membrane is very small for endothelial cells,
signal from both membranes could be detected with the limited axial-
resolution of the current 2D imaging set-up. Therefore, a partial
decrease of CellMask Green signal indicated that only one of the mem-
branes was perforated. This interpretation of the 2D images was
confirmed by the 3D imaging performed at the end, as shown in Sup-
plementary Fig. 5. Hence, in 2D confocal microscopy time-lapse imag-
ing, a distinction could be made between pore formation, where only the
apical cell membrane was perforated, and tunnel formation, where both
the apical and basal cell membranes were perforated. These different
cellular effects can lead to either intracellular delivery with or without a
distinguishable pore (Fig. 11B i, ii), transcellular delivery through a
tunnel with limited intracellular delivery (Fig. 11B iii), or both intra-
cellular and transcellular delivery occurring simultaneously (Fig. 11B
iv). The occurrence of tunnels or pores was affected by different factors
such as the orientation, internalized depth, cell thickness, microbubble
distance to the cell edge, and the excursion amplitude (Fig. 7 and Fig. 8).
Tunnels occurred more often when the microbubble was closer to the
cell edge (Fig. 7). This could just be a mechanical effect because the cell
is thinner there, as confirmed by tunnels occurring more often at thinner
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cell locations (Fig. 7). However, it could also be enhanced by a biological
mechanism, e.g., neutrophils are known to migrate towards the cell edge
for extravasation [48,49].

The reversibility of sonoporation was assessed based on the PI uptake
curves. Intracellular perforations not resealing within 120 s (i.e. non-
resealing) are known to correlate with loss of cell viability [40]. Addi-
tionally, intracellular perforations classified as saturated are indicative
of severe cell damage and suggestive of cell death [9,12]. Hence, if we
consider both non-resealing and saturated perforations to cause cell
death, cells remained viable less often upon pore formation (16%) than
upon tunnel formation (36%). However, this only evaluates cell viability
based on the resealing of the intracellular perforation and does not take
into account the effect of a remaining transcellular perforation. Helfield
et al. [10] showed resealing of a tunnel to occur on timescales up to 15
min after ultrasound, suggesting that in the current study resealing of a
transcellular perforation might have been missed due to the limited
timescale (up to 2.5 min). Additionally, recovery after enhancement of
vascular permeability (i.e. transcellular perforation) has been shown to
occur within 24 h in the blood-brain-barrier [50]. Hence, although a
resealing intracellular perforation is at least required for cell viability,
more long-term cellular mechanisms seem to play a role in recovery
after tunnel formation. Therefore, cell faith after a transcellular perfo-
ration remains to be further investigated.

Tunnels upon microbubble oscillation, also known as transcellular or
transendothelial perforations or holes, have been previously identified
in HUVECs upon insonification of non-targeted DSPC-based micro-
bubbles [10]. This is in agreement with the tunnel formation by non-
targeted microbubbles we observed in the current study. Additionally,
we found tunnel formation by targeted microbubbles. The range of
perforated areas of tunnels found in the current study (2-287 pm?, at
200 kPa PNP) was comparable to those found previously (39-683 pmz,
at 100-800 kPa PNP) [10]. However, we additionally observed intra-
cellular uptake via pores (perforations of only the apical membrane) or
indistinguishable perforations, suggesting that there are multiple po-
tential drug delivery pathways as opposed to only tunnel formation. The
difference in cellular responses observed may be caused by the cell
culture chamber: for the present study the acoustically compatible
CLINIcell [32] with 50 pm thick membranes was used in contrast to the
glass-bottom dishes used in the previous study [10]. This highlights the
importance of the in vitro model, in this case the surface on which
endothelial cells are cultured, and how a model more analogous to the in
vivo situation may lead to more translatable results.

When a CD31-targeted microbubble was located above the cell, the
higher occurrence of sonoporation with an indistinguishable perforation
may partly be explained by the microbubble orientation, since the gas
core of a microbubble above the cell membrane could obscure pore
formation. However, for other microbubble types the observed perfo-
rated areas were often much larger than the microbubble size, their
imaging would therefore not have been fully hampered by the micro-
bubble. Hence, it is more likely that the microbubble orientation influ-
enced the microbubble-cell interaction resulting in smaller perforated
areas upon sonoporation. The occurrence of transcellular perforations
was the lowest for oyfs-targeted microbubbles, both when under or
above the cell. Additionally, the perforated area was smallest, and often
even indistinguishable, for internalized microbubbles. This indicates
that the microbubble-cell morphology prior to microbubble oscillation,
including the internalized depth and dome formation, had a major effect
on the cellular response. When pooling all types of microbubbles and
orientations together, there was a significant difference in internalized
depth, cell thickness, and microbubble location on the cell between pore
and tunnel formation. The microbubble excursion amplitude was not
significantly different between pore and tunnel outcomes, indicating
that while a certain oscillation threshold must be reached to induce PI
uptake, causing either pores or tunnels was not oscillation-driven within
the studied range of excursion amplitudes. As the oyps-targeted micro-
bubbles were the most internalized, the excursion amplitudes were
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lower than for the other groups. However, the threshold for sonopora-
tion was also lower for oyfs-targeted microbubbles than for any other
microbubble type, with a value of 0.7 pm in agreement with previous
studies [9,12]. Hence, the different microbubble-cell interaction caused
by internalized microbubbles increased the susceptibility to
sonoporation.

A principal component analysis was performed to bring all different
parameters influencing the drug delivery outcome and cellular response
together. Microbubble excursion was an important determinant, which
was negatively correlated to the internalized depth and cell thickness.
Together with the rest of the data analysis, this again indicates that
while the microbubble excursion is indeed an important factor in
sonoporation, the drug outcome is also determined by the microbubble-
cell interaction, including internalized depth, cell thickness, and the
microbubble location on the cell. For less internalized microbubbles
located closer to the cell edge tunnel formation, and thus transcellular
delivery, is more likely to occur. However, the complex interaction be-
tween all different parameters ultimately determines which cellular
response occurs.

4.3. Limitations and future perspectives

All experiments performed for this study were done in vitro, raising
the question how the results translate to the in vivo situation. Human
endothelial cells are a valid model to study vascular drug delivery, in the
current study, however, cells were cultured in static conditions instead
of under flow. This may influence the cellular responses and drug de-
livery outcome, as previous studies indicated that the susceptibility to
sonoporation was significantly lower for HUVECs cultured under flow
than for HUVECs cultured statically, while using the same ultrasound
settings [51]. In practice, this difference in sonoporation threshold can
be easily circumvented by increasing the acoustic pressure when
translating to in vitro experiments under flow or an in vivo situation.
Additionally, the different mechanical properties of the underlying cell
substrate found in vivo may affect the microbubble’s acoustic response
[52-54]. Another consequence of the in vitro experimental method is the
absence of immune cells, making it impossible to study the role of the
immune response in the internalization of targeted microbubbles.
Furthermore, if reducing internalization would be desired, that may be
achieved by introducing a longer PEG tail to the microbubble formula-
tion to reduce the immune recognition by creating a buried-ligand ar-
chitecture, as previously described [22].

In the current study, drug delivery was monitored by uptake of PI, an
established marker for sonoporation [13,31,39,55-57], because PI is
only able to enter a viable cell after the membrane has been compro-
mised and subsequently becomes fluorescent [58]. However, alterna-
tives such as fluorescent dextrans or spheres may be more suitable as a
model drug when interested in evaluating drug delivery of molecules of
other sizes [59] than 1.23 by 0.92 nm for PI [60]. Additionally, PI is
toxic in the long term once inside the cell [61]. Therefore, in the current
study design it was not feasible to perform a post-treatment cell viability
assay.

The microbubble targeting strategy used here may not be suitable for
in vivo applications, as the streptavidin protein can induce an unwanted
immune response [62,63]. However, several studies are ongoing to
develop clinically translatable targeting strategies for microbubbles
targeted to aP3 integrin [64-66]. The use of o ps-targeted microbubbles
has been proposed for ultrasound molecular imaging of angiogenesis
[67,68], however, up to now no studies have investigated the cellular
response upon binding of oy f3-microbubbles. Since our results indicate
that endothelial cells are able to internalize a,ps-targeted microbubbles
in vitro under static conditions, it should be further investigated if this
also occurs in vivo, and if so if this leads to endothelial cell activation and
subsequent platelet adhesion as reported for HUVECs cultured under
flow after internalization of submicron-sized membrane vesicles [44].

The results presented here reveal that the microbubble-cell
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interaction stretches beyond a simple ligand-receptor binding, with the
internalization of microbubbles playing a substantial role in the acoustic
response and drug delivery outcome. We found significant differences in
the internalization of microbubbles depending on the ligand, when
comparing o, f3 versus CD31-targeted microbubbles. This implicates the
importance of investigating internalization by other ligands in the
future, before choosing which ligand must be used for the desired
outcome, such that the targeted microbubble formulation can be
tailored to specific applications. For ultrasound molecular imaging
lower oscillation amplitudes of internalized microbubbles may be un-
desirable, while for drug delivery applications the internalization of
microbubbles might be favorable.

5. Conclusions

Investigating the 3D morphology of the endothelial cell membrane
and adjacent microbubble revealed that microbubbles were internalized
into the cell when targeted to aPs, irrespective of the initial
microbubble-cell positioning, and when targeted to CD31 if the micro-
bubble was initially positioned under the cell. Hence, microbubble
internalization was found to be a receptor-mediated and buoyancy-
enhanced cellular mechanism and correlated with cell thickness and
microbubble size. Although internalized microbubbles exhibited lower
excursion amplitudes upon insonification, the oscillation threshold for
sonoporation was also lower than for non-internalized microbubbles,
thus making cells with internalized microbubbles more susceptible to
sonoporation. Evaluating the morphology of membrane perforation
revealed that microbubble oscillation either caused a pore, when only
the apical cell membrane was perforated resulting in intracellular drug
delivery, or a tunnel, when both the apical and basal cell membrane
were perforated resulting in intracellular drug delivery and a trans-
cellular perforation. Internalized microbubbles caused less transcellular
perforations and led to the smallest, or even indistinguishable, perfo-
rated areas. These novel insights demonstrate the influence of the
microbubble internalization on the drug delivery outcome and thereby
aid the development of the optimal therapeutic microbubble.
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