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ABSTRACT

Ultrasound insonification of microbubbles can locally increase vascular permeability to enhance drug delivery.
To control and optimize the therapeutic potential, we need to better understand the underlying biological
mechanisms of the drug delivery pathways. The aim of this in vitro study was to elucidate the microbubble-
endothelial cell interaction using the Brandaris 128 ultra-high-speed camera (up to 25 Mfps) coupled to a
custom-built Nikon confocal microscope, to visualize both microbubble oscillation and the cellular response.
Sonoporation and opening of cell-cell contacts by single ayfs-targeted microbubbles (n = 152) was monitored
up to 4 min after ultrasound insonification (2 MHz, 100-400 kPa, 10 cycles). Sonoporation occurred when
microbubble excursion amplitudes exceeded 0.7 um. Quantification of the influx of the fluorescent model drug
propidium iodide upon sonoporation showed that the size of the created pore increased for larger microbubble
excursion amplitudes. Microbubble-mediated opening of cell-cell contacts occurred as a cellular response upon
sonoporation and did not correlate with the microbubble excursion amplitude itself. The initial integrity of the
cell-cell contacts affected the susceptibly to drug delivery, since cell-cell contacts opened more often when cells
were only partially attached to their neighbors (48%) than when fully attached (14%). The drug delivery out-
comes were independent of nonlinear microbubble behavior, microbubble location, and cell size. In conclusion,
by studying the microbubble—cell interaction at nanosecond and nanometer resolution the relationship between
drug delivery pathways and their underlying mechanisms was further unraveled. These novel insights will aid

the development of safe and efficient microbubble-mediated drug delivery.

1. Introduction

Life-threatening diseased tissue often lies beyond the vasculature.
This means that intravenously administered drugs need to extravasate
from the vasculature to reach their intracellular and extravascular
targets. The endothelial cells that line the vessel wall are barriers that
severely limit local and effective drug delivery necessary for successful
treatment. To overcome the challenges these barriers present, drug
delivery can be locally enhanced using lipid-coated gas microbubbles
(1-10 pum) in combination with ultrasound [1,2]. These microbubbles
are widely used in the clinic to improve contrast in diagnostic ultra-
sound imaging. When ultrasound is applied, microbubbles will oscil-
late, which can permeabilize cell membranes (sonoporation), open cell-
cell contacts, and stimulate endocytosis [1-3]. However, the underlying
physical and biological mechanisms of the microbubble-cell interaction
need to be elucidated. If we can control and predict the different drug

delivery pathways, microbubble-mediated drug delivery can be tuned
to the requirements of a therapeutic application.

To unravel the underlying mechanisms of the microbubble—cell in-
teraction, one needs to know which microbubble behavior is re-
sponsible for which cellular response. Therefore, we need to image both
the microbubble oscillation at nanosecond temporal resolution and the
ensuing detailed cellular response at nanometer spatial resolution. Until
now, concurrent visualization of microbubble oscillation and en-
dothelial cell response has only been possible using an ultra-high-speed
camera coupled to a widefield microscope [4-7]. In these studies, fo-
cusing on sonoporation, the microbubble behavior was known but the
cellular response was imaged at low resolution and sensitivity. Helfield
et al. [4] performed an additional experiment in which they only used
confocal microscopy to show sonoporation and opening of cell-cell
contacts in a single example. Confocal microscopy has also been used
by others to visualize the cellular response at high spatial resolution
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and detector sensitivity. They investigated sonoporation [8-12],
membrane perforation and recovery dynamics [8], endocytosis [9],
sonoprinting [10,13], lipoplex delivery [11], and cytoskeleton re-
organization [12]. However, the studies using confocal microscopy
lacked information on the microbubble oscillation behavior that was
responsible for the cellular effect. Since single microbubble response to
ultrasound is variable [14,15] even for known acoustic pressures, the
underlying mechanisms of the microbubble—cell interaction could not
be fully resolved.

Sonoporation has been investigated in vitro and in real-time, de-
monstrating the capability of an oscillating microbubble to create a
pore in the endothelial cell membrane [4,6,7,16,17]. The transient
behavior of pore formation and recovery dynamics have been studied
with live cell microscopy [8,18]. Reversible sonoporation can tem-
porarily enhance intracellular drug delivery without cell death. How-
ever, when cell membrane integrity is not restored after pore formation,
sonoporation is irreversible and will eventually lead to cell death. Pore
resealing times from a few seconds up to 120 s have been reported
[8,16,17,19]. Fan et al. [18] showed that upon sonoporation, the
amount of fluorescent marker propidium iodide (PI) uptake can be re-
lated to the size of the pore and its resealing time. This has been used to
quantify the pore dynamics of kidney [18] and endothelial cells
[16,20]. Nevertheless, it remained unknown how microbubble oscilla-
tion behavior correlates with the severity of sonoporation, in terms of
the pore size and its resealing characteristics. When the microbubble
excursion amplitude required for sonoporation was investigated, the
cellular response could only be studied at low sensitivity and spatial
resolution using widefield microscopy [4,7].

Opening of cell-cell contacts has been previously observed using live
cell microscopy within minutes after ultrasound insonification of a non-
targeted microbubble for a single example [4]. The opened cell-cell
contacts remained open for tens of minutes, suggesting a prolonged
enhanced drug delivery effect of this pathway. In addition, extravasa-
tion of drug compounds from the vasculature has been shown, for in-
stance to overcome the blood-brain barrier [21,22]. It is hypothesized
that this cellular response of opening the intercellular junctions is
caused by the shear stress from the oscillating microbubbles, the mi-
crobubble forces on the cytoskeleton of the cell, and/or the changes in
cell morphology due to sonoporation [23]. However, there is still a lack
of understanding on how microbubble oscillation behavior causes the
opening of cell-cell contacts and whether this is an independent drug
delivery pathway or induced upon sonoporation [23].

In this study we aimed to elucidate the missing link between mi-
crobubble oscillation behavior and the occurrence of sonoporation and
opening of cell-cell contacts in cultured endothelial cells. Microbubbles
were targeted to the integrin a,f3 (alpha-v-beta-3), also known as
CD51/61, expressed by endothelial cells during angiogenesis [24],
which is clinically relevant for cancer and atherosclerosis therapy. Ul-
trasound at a 2 MHz frequency was applied, commonly used in trans-
thoracic ultrasound [25]. A unique optical imaging system was used
consisting of the Brandaris 128 ultra-high-speed camera, to record the
microbubble oscillation, coupled to a custom-built Nikon A1R+ con-
focal microscope, to visualize the cellular response. The cellular re-
sponse upon insonification of a single targeted microbubble was studied
by monitoring uptake of the model drug PI and by assessing opening of
cell-cell contacts between adjacent cells. As a result, the micro-
bubble—cell interaction was studied at both nanosecond and nanometer
resolution (17 Mfps and 200 nm, respectively).

2. Material and methods
2.1. Endothelial cell culture
Primary human umbilical vein endothelial cells (HUVECs) from

pooled donors (C2519A, LOT 437550, Lonza, Verviers, Belgium) were
cultured in MV2 medium (C22121, PromoCell, Heidelberg, Germany),
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supplemented with 1% Penicillin-Streptomycin (15140122, Gibco,
Thermo Fisher Scientific,c, Waltham, MA, USA). The HUVECs were
grown (at 37 °C and 5% CO,) in a humidified incubator to full con-
fluency in T75 flasks. Next, they were detached using Accutase solution
(A6964, Sigma-Aldrich, St. Louis, MO, USA) and replated on the bottom
membrane of a CLINIcell (CLINIcell25-50-T, REF 00106, MABIO,
Tourcoing, France) in 12 ml MV2. The CLINIcell is an acoustic com-
patible cell culture chamber with two gas permeable parallel mem-
branes (thickness 50 pm, surface area 25 cm?) [26]. The CLINIcells
were incubated (at 37 °C and 5% CO,) for two days to achieve a fully
confluent cell monolayer. The HUVECs used in the experiments were
between passage numbers 4 and 6.

2.2. Targeted microbubble preparation

Lipid-coated microbubbles with a C4F;o gas core were produced in-
house by probe sonication for 1 min, as previously described [27-29].
The coating consisted of 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC; 84.8 mol%; P6517, Sigma-Aldrich), polyoxyethylene-40-stea-
rate (PEG-40 stearate; 8.2 mol%; P3440, Sigma-Aldrich), 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene  glycol)-
2000] (DSPE-PEG(2000); 5.9 mol%; 880125P, Avanti Polar Lipids,
Alabaster, AL, USA), and 1,2-distearoyl-sn-glycero-3-phosphoethano-
lamine- N-[biotinyl(polyethylene glycol)-2000] (DSPE-PEG(2000)-
biotin; 1.1 mol%; 880129C, Avanti Polar Lipids). Finally, to fluores-
cently label the microbubble coating, the lipid dye DiD (1,1’-diocta-
decyl-3,3,3’,3’-tetramethylindodicarbocyanine = perchlorate; D307,
Thermo Fisher Scientific) was added before sonication.

The microbubbles were targeted to the a3 integrin using biotin-
streptavidin bridging, as previously described by others [7,30-34] with
the exception of the type of ligand. Briefly, after washing three times by
centrifugation (400g, 1 min) using PBS saturated with C4F;4, the mi-
crobubble concentration was determined with a Coulter Counter Mul-
tisizer 3 (n = 3) (20 um aperture tube, Beckman Coulter, Mijdrecht, the
Netherlands). Next, 6 x 10® microbubbles were incubated on ice for
30 min with 60 pg of streptavidin (2 mg/ml stock concentration in PBS,
S4762, Sigma-Aldrich) and washed. These streptavidin-conjugated mi-
crobubbles were incubated on ice for 30 min with 6 ug of biotinylated
anti-human CD51/61 antibody (304412, BioLegend, San Diego, CA,
USA), followed by a final washing step.

2.3. Experimental set-up

To study the microbubble-cell interaction, a unique optical imaging
system was used consisting of the Brandaris 128 ultra-high-speed
camera (up to 25 million frames per second, Mfps) [35] coupled to a
custom-built Nikon A1R+ confocal microscope (Fig. 1A) [36]. With
this system high temporal and spatial resolutions can be achieved, re-
quired to resolve the microbubble oscillation and cellular response, as
explained in more detail by Beekers et al. [36]. For simultaneous
imaging and ultrasound insonification, the CLINIcell was inserted into a
37 °C water tank positioned beneath the microscope. 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 at a 45°
angle, after having been calibrated using a needle hydrophone. The
ultrasound and optical foci were aligned such that the cells in the
CLINIcell could be both imaged and insonified (Fig. 1A). A single 2 MHz
and 10-cycle burst was generated by an arbitrary waveform generator
(33220A, Agilent, Palo Alto, CA, USA). A broadband amplifier (ENI A-
500, Electronics & Innovation, Rochester, NY, USA) was used to obtain
peak negative pressures (PNP) of 100, 200, 250, 300, and 400 kPa at
the focus.
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Fig. 1. Schematic representation of the experimental procedure (not drawn to scale). (A) Experimental setup to insonify a CLINIcell under a 45° angle. The optical
imaging system combines an A1R+ confocal scan head (Nikon Instruments), with a DS-Fi3 colour camera (Nikon Instruments) for widefield imaging, and the
Brandaris 128 ultra-high-speed camera. (B) Timeline starting with the incubation of HUVECs with fluorescent dyes and targeted microbubbles, followed by time-

lapse imaging with the combined optical imaging system.

2.4. Experimental protocol

The HUVECs were stained with fluorescent dyes for live confocal
microscopy imaging (Fig. 1B). They were incubated with CellMask™
Green Plasma Membrane Stain (4 pg/ml final concentration; C37608;
Thermo Fisher Scientific) for 10 min inside the cell incubator to stain
the cell membranes. Next, Hoechst 33342 (5 pg/ml final concentration;
H3570, Thermo Fisher Scientific) was added to stain the cell nuclei and
PI (25 pg/ml final concentration; P4864, Sigma-Aldrich) was added as a
marker for sonoporation. The cell membrane of viable cells is im-
permeable for PI. When the cell membrane is compromised, PI enters
the cell, binds to DNA and RNA, and becomes fluorescent [37].
Therefore, PI is often used as a marker for sonoporation to evaluate
membrane perforation [4,6,18,38,39]. Additionally, CD51/61 targeted
microbubbles (2 x 10° microbubbles/ml final concentration) were
added and the CLINIcell was incubated during 5 min inside the cell
incubator, while turned upside down to allow the targeted micro-
bubbles to float towards the cells to achieve binding (Fig. 1B). The
CLINIcell was then turned upright again such that only bound targeted
microbubbles remained in the focal plane of the cells. Finally, the top
membrane without cells was cut from the CLINIcell, making it feasible
to image with an objective with a working distance smaller than the
5 mm spacing between the CLINIcell membranes. The same incubation
timeline was used for control CLINIcells without microbubbles.

To monitor the cellular response with confocal microscopy, imaging
was performed with the following four channels: (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 ex-
cited at 561 nm, detected at 595/50 nm, and (4) DiD excited at 640 nm,
detected at 700/70 nm. Channel 1 and 4 were excited and detected
simultaneously because there is no spectral overlap between Hoechst
and DiD.

Using a 100 x water dipping objective (CFI Plan 100XC W, 2.5 mm
working distance, Nikon Instruments), a field of view (FOV) of
74.2 X 74.2 ym (256 x 256 pixels) was scanned at 0.65 frames per
second (fps). At each location, time-lapse imaging was performed for
4 min in total (Fig. 1B). This 100 x objective has a high numerical
aperture of 1.10; therefore, we achieve a lateral resolution up to
200 nm and an axial resolution up to 600 nm [40]. To visualize the
initial cellular state, confocal microscopy time-lapse imaging started
before ultrasound. Within the first minute, the light path was auto-
matically switched from the confocal scanning head to the Brandaris
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128 ultra-high-speed camera. The microbubble oscillation was then
recorded at approximately 17 Mfps during ultrasound insonification.
Once this recording was completed, the light path was switched back
towards the confocal scanning head to visualize the cellular response.
Since insonification occurred within the first minute, the cellular re-
sponse upon microbubble vibration was monitored for at least 3 min
(Fig. 1B).

The area to be imaged was chosen based on the following inclusion
criteria: (i) the FOV showed fully confluent cells, such that there were
no empty spaces in which an extra cell could have grown and all cells
were at least partially attached to neighboring cells; (ii) there was a
single targeted microbubble in the FOV; (iii) this targeted microbubble
was located on a cell that was completely in the FOV; (iv) this cell had a
single nucleus; and (v) this nucleus did not overlap with that of any
neighboring cells. Per CLINIcell, a maximum of 15 locations uniformly
distributed and spaced by at least 1 cm to avoid overlapping in-
sonification were imaged within 120 min. Additional CLINIcells were
used for two types of control experiments: (i) sham, i.e. without mi-
crobubbles or ultrasound; and (ii) ultrasound only, i.e. without micro-
bubbles.

2.5. Analysis of microbubble oscillation

Microbubble oscillation recorded by the Brandaris 128 ultra-high-
speed camera was quantified using custom-designed image analysis
software to determine the change in radius as a function of time [41].
The initial radius (Ry) was determined from the first 10 frames without
ultrasound. Microbubble excursion amplitude was defined as the dif-
ference between the maximum radius (R, and R,. The excursion
amplitude threshold for sonoporation was determined by linear dis-
criminant analysis and defined as the average over the full microbubble
size range [4].

Nonlinear microbubble behavior was studied by assessing the har-
monic response. To do so, the frequency spectrum of the radius-time
curve was determined using a Fast Fourier Transformation (FFT).
Amplitudes were determined within a + 300 kHz bandwidth centered
at the subharmonic (1 MHz) and second harmonic (4 MHz) frequencies.
The noise levels were defined as the mean amplitude within those
bandwidths from the FFT of the radius-time curve before and after
oscillation. When the maximum amplitude of the FFT from the radius-
time curve during oscillation was at least 6 dB above the mean noise
level of all recordings, a microbubble was classified as responsive
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[42,43].

Finally, the asymmetry of microbubble oscillation was investigated.
This was quantified by the amount of expansion (E) relative to the
amount of compression (C). As previously done by others [27,43-46],
the E/C ratio was defined as E/C = (Rpax — Ro) / (Ro = Rimin). Com-
pression-only behavior is defined by an E/C < 0.5, symmetric oscil-
lation ranges from 0.5 < E/C =< 2, and expansion-only behavior as an
E/C > 2.

2.6. Analysis of confocal time-lapse images

The image analysis aimed at studying the microbubble-mediated
drug delivery pathways induced in the “cell of interest”, i.e. the cell
with a single bound targeted microbubble, which from now on will be
referred to as the cell. From the time-lapse confocal microscopy before
insonification, the cell was classified based on the initial state of its
contact with adjacent cells. When the cell edge was fully adjacent to the
neighboring cells, it was classified as having full junctions, and when
partially adjacent it was classified as having partial junctions. For the
controls without ultrasound, the initial cell state was determined from
the first 30 s of time-lapse confocal microscopy. After ultrasound, the
cellular response was evaluated by studying two different drug delivery
pathways. Sonoporation was assessed based on PI uptake within the cell
as described in detail below. Opening of cell-cell contacts was assessed
by changes in the cell border integrity to adjacent cells based on
CellMask. When a gap, or gaps, formed between the cell and its
neighbor(s), the cell was classified as retracting. Manual classification
was performed by two individual users (M.V. and 1.B.) for alternating
ultrasound settings and experiment days.

To determine the surface area of the cell and the microbubble lo-
cation, the cell was delineated and the microbubble location was re-
gistered. The delineation and registration were performed manually
using a custom-built MATLAB (The Mathworks Inc., Natick, MA, USA)
routine. After cell delineation, another MATLAB routine was used to
automatically segment the corresponding nucleus based on the Hoechst
images. The microbubble location was quantified as the distance from
the microbubble to the closest cell edge or, alternatively, to the center
of the nucleus. The 4 min confocal microscopy time-lapse recording was
split between before and after insonification by finding the period of
time when the light path was switched towards the Brandaris 128
camera. The resulting sudden loss of CellMask signal in the confocal
time-lapse recording was automatically detected using MATLAB. The
first confocal frame after ultrasound was defined as t = 0.

During time-lapse imaging slight vertical displacements of the
CLINIcell can occur within the water tank, caused by, for instance,
thermal expansion of the heating element. These small displacements
changed the imaging plane, and although the cell was still in the FOV,
the focus drift could alter the detected fluorescent intensity. Therefore,
the PI intensity in a sonoporated cell can appear to fluctuate. To correct
for PI intensity variations caused by focus drift, the CellMask fluor-
escent intensity was used as a reference. Although CellMask stains the
membrane while PI is present in the cytoplasm, it is a valid reference
since endothelial cells are very thin, with a mean height of 0.9 um at the
periphery and up to 1.6 um at the nucleus [47]. Hence, when the
membrane is in focus, the cytoplasm is also within the same focal plane
(600 nm). For each confocal time-lapse recording, a correction factor
was determined as the ratio between the time-dependent CellMask
signal and its initial value, both within the delineated cell. Next, the PI
intensity detected upon sonoporation was corrected by this correction
factor.

2.7. Analysis of PI uptake profiles
Upon sonoporation, the size of the pore created in the cellular

membrane is closely related to the amount of PI uptake. Fan et al. [18]
mathematically described this by
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The amount of fluorescent intensity F(t) detected in a cell as a
function of time is related to the initial pore radius (ry), for a known
diffusion coefficient of the PI fluorescent molecule (D), extracellular PI
concentration (Cjp), and imaging system dependent calibration coeffi-
cient (a). The pore size coefficient (anDCyry) is a measure for the initial
pore size, defined by the initial slope of the PI uptake profile and in-
dependent of cell size. The stabilization of the fluorescent intensity is
quantified by the pore resealing coefficient (). Since PI molecules bind
to both RNA and DNA in the cell cytoplasm and nucleus [37], we were
interested in the amount of PI fluorescence within the delineated cell
area. The fluorescent intensity F(t) was defined as the sum over the
pixels within the cell area after ultrasound minus the mean before ul-
trasound. Thereby, we corrected for any initial background noise signal
(the mean 12-bit pixel intensity, ranging from 0 to 4095, before ultra-
sound was 150 and increased by an order of magnitude upon sono-
poration).

Since the light path towards the confocal microscope was tem-
porarily intercepted during insonification, PI uptake could already have
started before t = 0, i.e. before the confocal light path was restored. In
other words, F(0) might not be zero. Therefore, Eq. (1) was adapted
such that PI uptake started at t = tp and F(tp) = 0. This changes Eq. (1)
into

anDCqyry

Ft) = (1 — eFlt-t0))

(2)

Confocal time-lapse imaging was restored within ~2 s after ultra-
sound insonification, hence t, ranged from —2 to 0 s. The influx of PI
upon pore formation was monitored as a function of time and the de-
termined F(t) was fit to Eq. (2) using a non-linear least squares ap-
proach in MATLAB to determine the pore size coefficient (antDCyry), the
pore resealing coefficient (), and the starting time of pore formation
(tp). The time tg9p at which 90% of the asymptotic value,F
(o) = anDCyry/fB, was reached is

too

_-ha-09 230
L Cll o2} 5t

B 3

When tgp < 120 s it means PI uptake stabilizes, presumably caused
by pore resealing [16]. However, in the case of high PI uptake, the
detected fluorescent intensity can also stabilize due to image saturation
or DNA/RNA saturation. Although more PI might be entering the cell,
this increase can no longer be detected when the pixels are already
saturated (i.e. when the 12-bit pixels are at their maximum value of
4095) or when there is no free DNA or RNA left for PI to bind to. In this
study, the imaging settings were chosen such that high PI uptake results
in image saturation before DNA/RNA saturation. The optimal settings
were determined such that the pixels in the nucleus were image satu-
rated when adding 0.1% Triton X-100 (X100, Sigma-Aldrich), which
causes non-resealing membrane disruptions leading to DNA/RNA sa-
turation. By doing so, we could easily identify when the fluorescent
intensity of PI stabilized by image saturation, since pixels reached their
maximum 4095 value, and we avoided the otherwise indiscernible
DNA/RNA saturation. Image saturation starts in the cell nucleus, since
there the fluorescent intensity is highest because there is more DNA for
PI to bind to. Therefore, when 90% of the pixels in the segmented
nucleus reached the 12-bit value, the cell was classified as saturated.
Based on the pore resealing coefficient and signal saturation, the PI
uptake curves were classified in the following three categories: (i) re-
sealing < 120 s, i.e. when PI uptake stabilized with t99 < 120 s
without saturation; (ii) non-resealing, i.e. when PI uptake did not sta-
bilize within 120 s (i.e. top > 120 s); and (iii) saturated, i.e. when PI
uptake stabilized with tgo < 120 s due to image saturation.
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Fig. 2. Cellular response upon ultrasound insonification of a targeted microbubble imaged with combined confocal microscopy and Brandaris 128 ultra-high-speed
imaging. Selected frames are shown of (i) the initial cellular state with cell delineation and segmentation, (ii) the Brandaris 128 recording with the determined
microbubble radius as a function of time, and (iii) of the cellular response. (A) Sonoporation of a cell that initially had full junctions and remained intact. (B)
Sonoporation and retraction of a cell that initially had partial junctions. Partial junctions are indicated by the arrows in (i), and retraction is indicated by the
arrowheads in (iii).
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2.8. Statistical analyses

The occurrence of a cellular pathway was presented in relative
frequencies (%). This categorical data was tested for significant differ-
ences among groups using a x> test. Quantitative data were assumed to
be not normally distributed, and therefore presented in median and
interquartile ranges and tested for significance using the Mann-Whitney
U test. Statistically significant differences were indicated in the graphs
with asterisks by using * for p < .05, ** for p < .01, and *** for
p < .001. A Spearman's rank-order correlation was performed to de-
termine the relationship between the microbubble excursion amplitude
and the pore size coefficient. All statistical analyses were performed
using MATLAB.

3. Results
3.1. Drug delivery pathways

We evaluated the cellular response of 152 cells to a single targeted
microbubble upon ultrasound insonification, in 21 different CLINIcells.
Additionally, the response of 44 cells was monitored without micro-
bubbles to assess the effect of ultrasound only experiments in four
CLINIcells. To control for the experimental procedure, we also eval-
uated the response of 32 cells during sham experiments in three
CLINIcells.

Four distinct cellular responses were observed: no effect, retraction,
sonoporation, or sonoporation and retraction. A typical example of a
sonoporated cell is shown in Fig. 2A, where selected frames of confocal
microscopy and Brandaris 128 imaging are depicted. The corresponding
confocal microscopy recording is shown in Video 1. Before ultrasound,
in Fig. 2A(i) a single microbubble (Ry = 2.00 um) was located next to
the nucleus, no PI was observed in the cell, and the cell-cell contacts
were fully adjacent to the neighboring cells. During ultrasound, the
microbubble excursion amplitude was determined from the Brandaris
128 recording to be Ro-Rp = 0.95 pum (Fig. 2A(ii)). After ultrasound,
PI uptake was observed at the location of the microbubble and spread
throughout the cell over time, meanwhile the cell-cell contacts re-
mained intact (no retraction), as shown in Fig. 2A(iii). In Fig. 2B, a
typical example of sonoporation and retraction induced by the oscil-
lating microbubble is shown. The corresponding confocal microscopy
recording is shown in Video 2. Before ultrasound, there was no PI ob-
served in the cell and the single microbubble (R, 1.91 um) was lo-
cated next to the nucleus (Fig. 2B(i)). The white arrows show the initial
cell-cell contacts that were classified as partial junctions. During ul-
trasound, the microbubble excursion amplitude was Ry
Ry = 0.54 um, as shown in Fig. 2B(ii). After ultrasound (Fig. 2B(iii)), PI
uptake was observed locally around the microbubble and then diffused
throughout the cell. After 5 s the cell had already started to retract
(white arrowheads in Fig. 2B(iii)). Retraction became more severe over
the following 3 min. After 202 s, retraction was even observed on the
other side of the cell, although it was fully adjacent at that location
before ultrasound. In both examples, the PI intensity was brighter in the
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Fig. 3. Microbubble excursion amplitude (Rpmq-Ro) inducing no cellular effect
(light blue), retraction (dark blue), sonoporation (pink), or both sonoporation
and retraction (red). (A) R,.ax-Ro as a function of the initial microbubble radius
(Ry) for each cellular response. The dashed line indicates the 0.7 pm threshold
for sonoporation. (B) Median and interquartile range of excursion amplitude for
each cellular response. The whiskers range from the minimum to maximum
value and statistical significance was indicated with ***p < .001. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

nucleus than in the cytoplasm, since there is more DNA for PI to bind to
in the nucleus.

The occurrence of the four different cellular responses is reported in
Table 1. The sham and ultrasound only experiments never induced
sonoporation. The vast majority (93.4%) of these cells showed no cel-
lular effect at all, independent of acoustic pressure. Retraction was only
observed in 6.6% of all cells treated without microbubbles (5 out of 76
cells for both sham and ultrasound only). When treatment consisted of
ultrasound insonification of targeted microbubbles, pressure depen-
dence was observed. At 100 kPa PNP, there was no sonoporation

Occurrence of cellular effects for sham (i.e. control without microbubbles and ultrasound), ultrasound only, and upon treatment with ultrasound and a targeted
microbubble. Values reported as percentage (%) of the total amount of cells evaluated for each setting.

Cellular response Sham Ultrasound only Ultrasound and targeted microbubble
0 kPa 100 kPa 200 kPa 250 kPa 300 kPa 400 kPa 100 kPa 200 kPa 250 kPa 300 kPa 400 kPa
n =32 n=3§8 n=3§8 n=9 n=9 n =10 n =18 n =43 n =47 n =31 n=13
No effect (%) 93.8 100 87.5 88.9 100 90 83.3 62.8 23.4 323 0
Retraction (%) 6.3 0 12.5 11.1 0 10 16.7 2.3 21.3 3.2 0
Sonoporation (%) 0 0 0 0 0 0 0 27.9 10.6 41.9 61.5
Sonoporation and retraction (%) 0 0 0 0 0 0 0 7.0 44.7 22.6 38.5
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induced and still only a small subgroup (3 out of 18 cells) showed re-
traction. However, for higher pressures the amount of sonoporated cells
increased. At 400 kPa PNP, an oscillating microbubble always induced
sonoporation. There was no clear correlation between retraction and
acoustic pressure.

3.2. Microbubble oscillation behavior

The microbubbles studied had a mean Ry of 2.1 um, ranging from
1.2 ym to 3.7 pym. Insonifying these microbubbles from 100 kPa to
400 kPa PNP resulted in excursion amplitudes ranging from 0.1 ym to
2.2 um (Fig. 3A; see Supplementary Fig. 1 for a separate excursion
amplitude graph for each studied PNP). The highest excursion ampli-
tudes were observed at R, of 2.2 pm and corresponded to the expected
resonance size for DSPC-based microbubbles at 2 MHz [27]. All mi-
crobubbles were still targeted to the cell after insonification, and the
median shrinkage (with IQR, interquartile range, between brackets) of
the microbubbles was 92.1% (87.2%-97.3%), defined as the ratio be-
tween the final and initial radius. The excursion amplitudes inducing
sonoporation (pink and red) were significantly larger than those where
no sonoporation was induced (Fig. 3B). Using a linear discriminant
analysis, the mean threshold for sonoporation was found to be R;;q-
Rp > 0.7 um (Fig. 3A). However, there was no distinct microbubble
excursion amplitude associated with retraction. Since microbubble ex-
cursion can also be quantified by considering the minimum radius
during oscillation (R,,;,) or relative to Ry, the statistical comparisons
between the different cellular responses were also performed for (R
Rinin)/Ro, Ro-Rmin, and Rpa-Rmin- The same statistical differences
(p < .001) were found between sonoporated and non-sonoporated
cells, and the non-significant differences between retracting and non-
retracting cells remained.

To evaluate the effect of nonlinear microbubble behavior on drug
delivery, we determined if microbubbles exhibited a subharmonic or
second harmonic frequency response. The FFT amplitude (mean =+

standard deviation) of the subharmonic noise level was 21 + 13 nm
(—18 dB below average fundamental) and that of the second harmonic
noise level was 11 = 6 nm (—23 dB below average fundamental).
Only 6 out of 152 microbubbles (4%) had a subharmonic response. The
presence of subharmonics did not correlate with a higher occurrence of
sonoporation and/or retraction. On the other hand, 105 out of 152
microbubbles (69%) exhibited a second harmonic response, as shown in
Fig. 4A. Significantly (p < .01) more microbubbles responded at the
second harmonic frequency when sonoporation was induced (49% no
effect, 67% retraction only, 84% sonoporation only, 89% sonoporation
and retraction). However, the second harmonic amplitude normalized
to the fundamental was not higher for microbubbles inducing sono-
poration and a second harmonic response was not associated with re-
traction (Fig. 4A).

The asymmetry of microbubble oscillation quantified as E/C is
shown in Fig. 4B. The recorded microbubbles presented with a full
range of E/C ratios, from compression-only behavior (E/C = 0.13) to
expansion-only behavior (E/C = 2.15). The E/C resulting in sono-
poration was significantly larger than that of microbubbles that did not
induce sonoporation (Fig. 4B). However, no significant differences were
found in E/C for retraction.

3.3. Initial integrity of cell—cell contacts

As described in Section 2.6, the cells were classified into two sub-
categories based on the integrity of cell-cell contacts before ultrasound:
partial junctions (n = 88, Fig. 2B) and full junctions (n = 64, Fig. 2A).
The median (with IQR between brackets) excursion amplitude of mi-
crobubbles attached to a cell with partial junctions was 0.65
(0.38-0.94) um and with full junctions 0.65 (0.42-1.05) pm. The cells
in the control experiments were also classified using the same criteria.

When treated with ultrasound and microbubbles, the occurrence of
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Fig. 4. Nonlinear microbubble oscillation behavior. (A) Second harmonic am-
plitude normalized to the fundamental for each cellular response. (B)
Asymmetry of microbubble oscillation quantified as the ratio of expansion over
compression (E/C) for each cellular response. The medians and interquartile
ranges are overlaid. Statistical significance is indicated with *p < .05,
**p < .01, and ***p < .001.

sonoporation was the same for both cells with partial junctions (48.9%)
and with full junctions (48.4%), as shown in Fig. 5A. In the case of
partial junctions, 65.1% of the sonoporated cells also retracted, while
this was only 25.8% of the sonoporated cells with full junctions. For
both cell junction subcategories, the sham and ultrasound only treat-
ments never induced sonoporation. In contrast to sonoporation, re-
traction occurrence was affected by the initial integrity of the cell-cell
contacts (Fig. 5B). After treatment with ultrasound and microbubbles,
retraction occurred significantly (p < .001) more often when cells
initially had partial junctions (47.73%) than when they had full junc-
tions (14.1%) (Fig. 5B, US+MB). Sonoporation was only observed in
66.7% of cells with partial junctions that retracted (28 out of 42 cells),
whereas almost all cells with full junctions that retracted were also
sonoporated (88.9%, 8 out of 9 cells). Retraction without sonoporation
in cells with partial junctions was similar for sham (13.3%), ultrasound
only (13.6%), and treatment with ultrasound and microbubbles
(15.91%). Retraction of cells with full junctions was never observed for
the sham and ultrasound only treatments.

3.4. Cell size and microbubble location

The median (with IQR between brackets) cell area was 908
(725-1093) umz. There was no significant difference in cell area be-
tween the four distinct cell responses, as shown in Fig. 6A. Additionally,
there was no significant difference in the location of the targeted mi-
crobubble on the cell, quantified as the distance from the microbubble
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Fig. 5. The cellular response of cells with partial or full junctions, classified
based on the initial integrity of cell-cell contacts. (A) Occurrence of sono-
poration, with or without retraction. (B) Occurrence of retraction, with or
without sonoporation. Statistical significance indicated with *p < .05,
**p < .01, ***p < .001; US = ultrasound; MB = microbubble.

to the closest cell edge (Fig. 6B) or, alternatively, as the distance from
the microbubble to the nucleus. Cells with partial junctions had a
median area of 1021 (817-1215) umz, and therefore were significantly
(p < .001) larger than cells with full junctions, at 794 (621-928) umz.
Also, the median distance of the targeted microbubble to the cell edge
was significantly (p < .001) larger for cells with partial junctions [8.4
(6.4-11.1) um], than for cells with full junctions [6.7 (4.7-8.5) pum].
Within these junction subcategories, there was still no significant dif-
ference in cell area or distance from the microbubble to the edge be-
tween the four cellular responses.

3.5. PI uptake profiles

Three typical examples of PI uptake profiles upon sonoporation are
shown in Fig. 7. In the first example (Fig. 7A), the sonoporated cell had
a PI uptake profile (Fig. 8, blue) that stabilized within 120 s, since 90%
of the asymptotic value was reached after 25 s (i.e. togy = 25 s). Signal
saturation occurred in only 9.9% of the pixels in the nucleus. Therefore,
this cell was classified as resealing < 120 s. In the second example
(Fig. 7B), the PI uptake curve (Fig. 8, gray) did not stabilize within
120 s, since tggp = 170 s. Signal saturation occurred in 16% of the pixels
in the nucleus. Therefore, this cell was classified as non-resealing. In the
third example (Fig. 7C), the PI uptake curve (Fig. 8, red) stabilized
within 120 s, since t9p = 81 s. However, 97% of the pixels in the nu-
cleus were saturated, so this cell was classified as saturated.
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Fig. 6. Effect of (A) cell area and (B) microbubble location on the cellular re-
sponse. The medians and interquartile ranges are overlaid. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

The pore size coefficient (axDCyrp) and pore resealing coefficient ()
of all sonoporated cells are shown in Fig. 9A. The classification based on
the resealing time of the pore and the signal saturation in the nucleus
separates the cells into three groups. Additionally, the pore size coef-
ficients (median and IQR between brackets) of the saturated class [0.97
(0.68-1.73) x 10°] were significantly (p < .001) larger than that of
the cells classified as resealing < 120 s [0.30 (0.14-0.45) x 10°] or
non-resealing [0.18 (0.11-0.25) x 10°]. As shown in Fig. 9B, larger
microbubble excursion amplitudes correlated with larger pore size
coefficients upon sonoporation (Spearman correlation coefficient
p = 0.53,p < .001). Moreover, the excursion amplitudes (median and
IQR between brackets) of the saturated class [1.22 (1.03-1.45) pum]
were significantly (p < .001) larger than that of cells classified as
resealing < 120 s [0.88 (0.77-1.13) um] or non-resealing [0.89
(0.62-1.00) pm]. The microbubble excursion amplitude did not dis-
tinguish between resealing or non-resealing pores.

4. Discussion

Sonoporation and the opening of cell-cell contacts upon ultrasound
insonification of a single targeted microbubble were evaluated. Using
high temporal and spatial resolution, we resolved both the microbubble
oscillation and the cellular response. Susceptibility to sonoporation and
opening of cell-cell contacts clearly depended on microbubble oscilla-
tion behavior and the initial state of the endothelial cell. Furthermore,
quantification of sonoporation based on cellular PI uptake correlated
with microbubble behavior and was used to assess reversibility of so-
noporation.
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Fig. 7. Different PI uptake categories upon sonoporation imaged with confocal microscopy. The initial cellular state is shown (composite image of CellMask Green,
Hoechst, and PI) with the cell delineation (solid line), nucleus segmentation (dashed line), and microbubble location (white circle). During ultrasound insonification,
the change in microbubble radius is shown as a function of time. All other frames show the PI imaging channel only, before and after ultrasound. (A) PI uptake

classified as resealing < 120 s. (B) PI uptake classified as non-resealing. (C) PI uptake classified as saturated. The resulting PI uptake curves of each example are
shown in Fig. 8.
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Fig. 8. Cellular PI uptake curves shown as the fluorescent intensity as a func-
tion of time (F(t), circles) and the corresponding fit to the mathematical model
of Eq. (2) (solid lines). The three examples correspond to those in Fig. 7 for each
category: resealing < 120 s (blue, Fig. 7A), non-resealing (gray, Fig. 7B), and
saturated (red, Fig. 7C). The black dots indicate the time tgy at which 90% of the
asymptotic value was reached (Eq. (3)). The arrow marks the time at which
90% of the pixels in the nucleus were saturated; a.u. arbitrary unit. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

4.1. Microbubble oscillation behavior

The ultra-high-speed recordings of microbubble oscillation revealed
that sonoporation correlated with large excursion amplitudes, while
there was no direct relationship between microbubble excursion and
the opening of cell-cell contacts (Fig. 3). Sonoporation was induced for
absolute excursion amplitudes R;,;-Rp > 0.7 um, similar to the pre-
viously found thresholds at 2 MHz of Rp.-Rp > 0.72 pm (using
16 cycles) or Ryqx-Rp > 1.02 pum (using 8 cycles) by Helfield et al. [4].
A relative vibration threshold of 0.5 at 1 MHz (with 6 x 10 cycles) was
reported by Kooiman et al. [7], which corresponds to an absolute
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threshold of R,,Rp > 0.65 pm (for a mean Ry of 2.2 pym and sym-
metric oscillation), similar to our findings.

Microbubbles that induced sonoporation exhibited a second har-
monic response more often than those that did not result in sonopora-
tion. Since nonlinear behavior increases with microbubble excursion
amplitude [48], this could be inherent to the larger excursions that
result in sonoporation. We found no differences in the cellular response
when the second harmonic amplitude was normalized to the funda-
mental (Fig. 4A). The E/C ratio was also higher in the case of sono-
poration (Fig. 4B) only because the expansion phase becomes more
dominant with increasing acoustic pressures, and thus excursion am-
plitudes [49,50]. Van Wamel et al. [6] hypothesized that cells can
better withstand compression than elongation forces, thereby sug-
gesting that compression-only (E/C < 0.5) could be more effective in
sonoporation. However, in this study we found that nonlinear or
asymmetric microbubble behavior itself did not affect the cellular re-
sponse.

The occurrence of sonoporation or opening of cell-cell contacts was
found to be independent of the initial microbubble size for R, ranging
from 1.24 to 3.72 pm, as previously found by others who studied similar
size distributions [4,7]. However, to achieve high enough excursion
amplitudes while insonifying at relatively low acoustic pressures, the
microbubble size distribution should match the ultrasound frequency
such that microbubbles are insonified at resonance. In this study, mi-
crobubbles were insonified at their mean resonance frequency of 2 MHz
[27]. We limited our study to a single frequency, since Helfied et al. [4]
only showed subtle differences between 0.5, 1, and 2 MHz. The ex-
cursion amplitude, i.e. acoustic pressure, plays a more important role
than the frequency of oscillation, i.e. the ultrasound frequency (within
the clinically relevant range 0.5 to 4 MHz). However, the micro-
bubble—cell interaction upon insonification with longer bursts or re-
peated treatment remains open for investigation. For instance, when
using low acoustic pressures <200 kPa for longer treatment duration,
the stimulation of the mechanosensory channels could possibly induce
different drug delivery pathways, such as stimulated endocytosis [23].

The susceptibility to sonoporation or opening of cell-cell contacts
was independent of the microbubble's location on the cell (Fig. 6B).
This is favorable for the clinical applicability, since in vivo it would be
impossible to control exact microbubble location on the cell membrane.
Kooiman et al. [7] also found sonoporation to be independent of mi-
crobubble location, albeit based on a manual -classification of
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Fig. 9. Quantification of PI uptake upon sonoporation (n = 74) and the resulting classification as resealing < 120 s (blue), non-resealing (gray), and saturated (red).
The arrows indicate the data points corresponding to the examples in Figs. 7 and 8. (A) The pore size coefficient as a function of the pore resealing coefficient. (B) The
microbubble excursion amplitude (Rmax-Ro) as a function of the pore size coefficient; a.u. = arbitrary unit. (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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microbubble positioning for 31 cells. Additionally, drug delivery was
also independent of cell area (Fig. 6A), and thus all cell sizes seem to be
equally susceptible to therapy.

4.2. Opening of cell—cell contacts due to sonoporation

Retraction of non-sonoporated cells was observed as often for both
the control and ultrasound and microbubble experiments, while the
enhanced retraction upon ultrasound and microbubbles only occurred
upon sonoporation (Fig. 5B). From this we deduce that microbubble-
mediated opening of cell-cell contacts only occurred due to sonopora-
tion. Additionally, to open cell-cell contacts the targeted microbubble
did not have to be near the cell edge (Fig. 6B), although that is often
hypothesized [1,23]. Therefore, our results suggest that the opening of
cell-cell contacts is a biological response triggered upon sonoporation,
instead of an independent drug delivery pathway mechanically induced
by microbubble oscillation. The retraction did not directly correlate to
microbubble oscillation behavior (Fig. 3) and was strongly affected by
the initial cell state (Fig. 5B), in contrast to the mechanical induced
effect of sonoporation. This reinforces our conclusion that opening of
cell-cell contacts is a cellular response mechanism and not directly
caused by a microbubble mechanically rupturing the junctions. To the
best of our knowledge, this is the first study that investigated the re-
lationship between these two microbubble-mediated vascular drug de-
livery pathways in real-time and in the same field of view. Live cell
imaging showing opening of endothelial cell-cell contacts had only
been reported for a single example and without studying its correlation
with sonoporation [4].

The initial cell integrity affected the susceptibility to opening of cell-
cell contacts, because it occurred significantly more often when cells
initially had partial junctions (Fig. 5B). About 14% of cells with partial
junctions even suffered from retraction in sham and in ultrasound only
experiments, independent of the acoustic pressures. This retraction
without treatment could be attributed to, for example, the imaging
procedure (phototoxicity), the exposure of the CLINIcell to the open air
after cutting out the top membrane, or the absence of 5% CO,. The
different susceptibility to microbubble-mediated treatment between
partial and full junctions could mean that under physiological condi-
tions that result in intercellular gaps, ranging from 0.3 to 4.7 pm in
tumor vasculature [51,52] or during inflammation [53,54], the drug
delivery pathway of opening cell-cell contacts is induced more often. At
the same time, it emphasizes the importance of a realistic model to
study the opening of cell-cell contacts. In previous studies, endothelial
cell confluency varied from ~70% to full confluency so not all cells
were completely adjacent to their neighbors. Additionally, the integrity
of the cell-cell contacts before treatment was not assessed in these
previous studies [4,16,55]. The only example in literature reporting the
opening of endothelial cell-cell contacts was on a not fully confluent
monolayer of endothelial cells having partial junctions [4]. In our
study, the initial cell integrity was assessed using a CellMask cell
membrane dye. However, this dye does not specifically stain for in-
tercellular junctions and can eventually internalize, leading to a poorer
co-localization with the plasma membrane. In the current study the
plasma membrane remained well stained throughout the entire
120 min. Now that we observed the importance of the initial integrity
of cell-cell contacts, in future studies the integrity of intercellular
junctions could be more precisely assessed using specific fluorescent
dyes.

A limitation of our study is that cellular response was only mon-
itored up to 4 min after ultrasound insonification. Within that time
frame it was not possible to study the recovery of cell-cell contacts,
since Helfield et al. [4] showed that cell-cell contacts can remain open
for tens of minutes. For long-term effects and recovery studies, the
experimental conditions would need to be further optimized to reduce
spontaneous retraction. Finally, when translating to in vivo studies often
extravasation is assessed as a measure for the opening of intercellular
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junctions [56,57], without monitoring sonoporation. If extravasation of
a fluorescent compound would also be monitored in vitro using a dif-
ferent set-up than the CLINIcell, allowing for measurements on the
basolateral side of the monolayer, both intracellular delivery by sono-
poration and extravascular delivery by opening of intercellular junc-
tions could be quantified. Additionally, since we found that retraction
only occurred upon sonoporation, assessing cell membrane perme-
ability and the possible resulting cell death in vivo is of great im-
portance.

4.3. Transient pore formation

Based on cellular PI uptake upon sonoporation, the transient be-
havior of pore formation was quantified with the pore size and re-
sealing coefficients, which resulted in three distinct classifications. Cells
with pores that resealed within 120 s were assumed to be reversibly
sonoporated, while irreversible sonoporation occurred when there was
no resealing within 120 s [16]. We found that microbubble excursion
amplitudes above 0.7 pm induced sonoporation, and the larger the
excursion amplitude the bigger the pore that was created (Fig. 9B). This
has never been observed before, since it was not possible to image both
the microbubble oscillation behavior and detailed cellular response.
Although intuitively there should be a higher chance for a small pore to
reseal within 120 s, there was no clear correlation between pores re-
sealing < 120 s and the pore size coefficient or microbubble excursion
amplitude (Fig. 9B). Van Rooij et al. [16] also did not find a correlation
between smaller pore size and resealing within 120 s. The intrinsic
variability among cells seems to influence membrane resealing more
than the microbubble behavior and pore size. Therefore, cellular re-
covery mechanisms should be further unraveled by studying the un-
derlying resealing mechanisms.

The mathematical model described by Fan et al. [18] considers any
PI uptake plateau to be caused by pore resealing. However, we observed
that many of the cells that plateau within < 120 s, thus appearing to
reseal, actually suffered from a saturated PI signal (Figs. 8 and 9). Sa-
turation occurred when the pore size was largest. Reversibility of so-
noporation cannot be assessed for the saturation class since the pore
might remain open while the corresponding PI increase can no longer
be detected. It is unclear if previous studies accounted for PI stabili-
zation due to either image saturation or DNA/RNA saturation
[16,18,20]. Therefore, it is possible that cells were assumed to be re-
versibly sonoporated when PI uptake plateaued due to PI saturation.
Another difference with a previous study is that we monitored the PI
uptake within the entire cell, while van Rooij et al. [16] determined the
PI uptake profiles only within the nucleus. Therefore, small pores that
quickly resealed might be missed if their PI uptake profiles started in
the cytoplasm. In future sonoporation studies the limited dynamic
range of an imaging system should be considered. On the one hand,
when interested in low uptake, i.e. small pores that quickly reseal, PI
signal saturation for the larger pores is often inevitable. On the other
hand, when interested in the high uptake, i.e. larger pores that do not or
slowly reseal, the imaging settings can be adjusted such that image
saturation is avoided while missing the initial and lower PI changes.
However, in that case the fluorescent intensity could reach an equili-
brium when there is no free DNA or RNA remaining for PI to bind to.
Therefore, when avoiding image saturation, one should properly ac-
count for DNA/RNA saturation.

In this study we chose to have the cells on the bottom membrane of
the CLINIcell to ensure that a targeted microbubble that did not bind
would float up. Since the targeted microbubble was located between
the objective and the cells, the microbubble gas core caused shadowing,
impeding the laser to image directly underneath it (see Fig. 7A for an
example). With this orientation it was not possible to directly image the
created pore. Moreover, the imaging dependent calibration coefficient
a (Egs. (1) and (2)) was not determined in this study. Nevertheless, the
pore size coefficient provides us with relative sizes because all imaging
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was performed under the same fluorescent imaging conditions, i.e. with
the same o, and using the same extracellular PI concentration (Co).
Another limitation of this study is that reversibility could only be de-
rived from the PI uptake profile. Literature has used two separate ex-
periments to demonstrate the correlation between the occurrence of
pore resealing within 120 s and cell viability [16]. However, if both the
pore resealing timeline and cell viability were to be studied simulta-
neously with live cell microscopy, the underlying biological mechan-
isms leading to cell death could be further unraveled.

5. Conclusion

Using a state-of-the-art optical imaging system allowed for micro-
bubble-mediated drug delivery to be studied with high sensitivity at
short timescales, while also achieving the nanosecond resolution
needed to resolve microbubble oscillation. Sonoporation and opening of
cell-cell contacts by ultrasound insonification of targeted microbubbles
were investigated. We found that larger microbubble excursion ampli-
tudes (Rmax-Rp > 0.7 pm) correlated with the occurrence and amount
of sonoporation, while the opening of cell-cell contacts could not be
predicted from microbubble behavior. Microbubble-mediated opening
of cell-cell contacts only occurred upon sonoporation and was influ-
enced significantly by the initial cell state. Therefore, our results sug-
gest that opening of cell-cell contacts is a biological response as a
consequence of sonoporation, instead of an independent drug delivery
pathway. These novel insights will aid the development of safe and
efficient microbubble-mediated drug delivery.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jconrel.2020.03.038.
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