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Abstract—Ultrasound insonification of microbubbles can locally enhance drug delivery, but the microbub-
ble�cell interaction remains poorly understood. Because intracellular calcium (Ca2þi ) is a key cellular regulator,
unraveling the Ca2þi fluctuations caused by an oscillating microbubble provides crucial insight into the underly-
ing bio-effects. Therefore, we developed an optical imaging system at nanometer and nanosecond resolution that
can resolve Ca2þi fluctuations and microbubble oscillations. Using this system, we clearly distinguished three
Ca2þi uptake profiles upon sonoporation of endothelial cells, which strongly correlated with the microbubble
oscillation amplitude, severity of sonoporation and opening of cell�cell contacts. We found a narrow operating
range for viable drug delivery without lethal cell damage. Moreover, adjacent cells were affected by a calcium
wave propagating at 15 mm/s. With the unique optical system, we unraveled the microbubble oscillation behavior
required for drug delivery and Ca2þi fluctuations, providing new insight into the microbubble�cell interaction to
aid clinical translation. (E-mail addresses: d.beekers@erasmusmc.nl, k.kooiman@erasmusmc.nl) © 2020 The
Author(s). Published by Elsevier Inc. on behalf of World Federation for Ultrasound in Medicine & Biology. This
is an open access article under the CC BY-NC-ND license. (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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INTRODUCTION

Effective disease treatment depends largely on the ability

of drugs to overcome barriers imposed by the human

body to reach the diseased tissue. The blood�brain bar-

rier is almost impermeable to drugs, blocking an esti-

mated »98% of small molecule drugs, posing a major

challenge in the treatment of neurological disorders

(Neuwelt et al. 2008). Limited drug delivery is also

observed—to a lesser extent—in other tissues; for exam-

ple, chemotherapy drugs need to extravasate blood ves-

sels and migrate through the extravascular space to reach

the tumor (Mullick Chowdhury et al. 2017; Yang et al.

2019). All in all, the vascular endothelium forms a major

barrier to localized drug delivery. Consequently, higher

drug dosages are prescribed to reach the proper efficacy

level but this results in high systemic toxicity and devel-

opment of side effects. Therefore, there is a need for a
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novel method to facilitate efficient drug delivery to dis-

eased tissues and thereby minimize adverse effects.

Vascular drug delivery can be locally enhanced by

ultrasound insonification of lipid-coated microbubbles

(1�10 mm in diameter) (Bao et al. 1997; Miller et al.

1999; Wu and Nyborg 2008; Sutton et al. 2013; Kooi-

man et al. 2014). These microbubbles are widely used in

the clinic to improve contrast in diagnostic ultrasound

imaging and additionally have a therapeutic potential.

Upon insonification, microbubbles will oscillate and can

thereby stimulate the following drug delivery pathways:

perforate the cell membrane (i.e., sonoporation), open

intercellular junctions and stimulate endocytosis (Kooi-

man et al. 2014; Lentacker et al. 2014; Qin et al. 2018b;

Roovers et al. 2019). Moreover, oscillating microbubbles

can induce intracellular calcium (Ca2þi ) fluctuations

(Honda et al. 2004; Kumon et al. 2007, 2009; Juffermans

et al. 2006, 2009; Meijering et al. 2009; Fan et al. 2010;

Park et al. 2011), which can propagate to adjacent cells

within seconds through intercellular signaling mecha-

nisms, causing calcium waves (Leybaert and Sanderson
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2012). As Ca2þi plays a crucial role in junction integrity,

membrane resealing and intercellular signaling, different

Ca2þi fluctuations and recovery profiles correlate to post-

treatment cell viability (Deng et al. 2004; Mehta and

Malik 2006; Hassan et al. 2010).

A better understanding of when cell viability is pre-

served in microbubble-mediated drug delivery is

required to control the balance between high delivery

efficiency and lethal cell damage, and tune this to the

requirements of a therapeutic application. Thus far, the

specific microbubble�cell interaction necessary for the

distinct drug delivery pathways, Ca2þi fluctuations and

calcium waves remains poorly understood (Qin et al.

2018b). Elucidating the effect of an oscillating micro-

bubble on Ca2þi levels will help unravel the underlying

physical and biological mechanisms of microbubble-

mediated drug delivery, including the potential down-

stream biological pathways triggered upon altering Ca2þi
homeostasis. A better understanding of the therapeutic

potential of microbubbles will aid development toward

safe and efficient widespread clinical use.

To date, the microbubble�cell interaction causing

Ca2þi fluctuations has been investigated while focusing

on the cellular response. These studies have found that

Ca2þi fluctuations induced by oscillating microbubbles

can remain elevated (Kumon et al. 2007, 2009) or return

to equilibrium within approximately 180 s (Juffermans

et al. 2006, 2009; Meijering et al. 2009; Fan et al. 2010;

Hassan et al. 2010; Park et al. 2011). Additionally, these

Ca2þi fluctuations can propagate to adjacent cells via cal-

cium waves, both by means of internal messengers

through gap junctions and/or by paracrine signaling

through the extracellular space (Leybaert and Sanderson

2012). This intercellular communication can also occur

due to an oscillating microbubble, resulting in the

delayed Ca2þi transients in adjacent cells that have been

observed in rat cardiomyoblasts (Fan et al. 2010), Chi-

nese hamster ovary cells (Kumon et al. 2007, 2009) and

endothelial cells (Park et al. 2011).

It remains poorly understood how the spatiotempo-

ral Ca2þi fluctuations correlate with microbubble oscilla-

tion behavior and the different drug delivery pathways.

Only for Ca2þi fluctuations returning to equilibrium has

the change in Ca2þi upon sonoporation been found to

positively correlate with the final amount of propidium

iodide (PI) uptake upon sonoporation, as observed in rat

cardiomyoblasts (Fan et al. 2010). In human endothelial

cells, microbubble-induced Ca2þi fluctuations have been

reported (Juffermans et al. 2009; Park et al. 2011), but

lacking information on single-cell response, microbubble

location and behavior and a direct correlation with sono-

poration. Additionally, the observed Ca2þi fluctuations

always returned to equilibrium within »180 s, and cal-

cium waves were only shown for a single example,
without further quantification. At present, it remains

unknown how the spatiotemporal behavior of Ca2þi fluc-

tuations relates to microbubble-mediated opening of

cell�cell contacts. Live cell microscopy imaging of

cell�cell contact opening by an oscillating microbubble

has only been reported once before in the literature, for a

single example and without Ca2þi imaging (Helfield

et al. 2016). None of the previous studies were able to

resolve the specific microbubble oscillation that induced

the Ca2þi fluctuations, and therefore, the microbubble-

cell interaction was never fully elucidated. Moreover,

microbubble-induced Ca2þi fluctuations have only been

imaged at low spatial resolution (widefield microscopy)

and at a temporal resolution up to 1.7 frames/s (fps)

(Kumon et al. 2009), such that calcium wave propaga-

tion was poorly resolved.

To unravel the microbubble�cell interaction mech-

anisms, we developed a novel optical imaging system

consisting of the Brandaris 128 ultra-high-speed camera,

to image microbubble oscillation at nanosecond tempo-

ral resolution, coupled to a custom-built Nikon A1R+

confocal microscope, to resolve cellular response at

nanometer spatial resolution. The endothelial cell

response upon insonification of a single targeted micro-

bubble was evaluated by monitoring the spatiotemporal

fluctuations of Ca2þi , uptake of PI as a marker for sono-

poration and opening of cell�cell contacts. As a result,

the microbubble�cell interaction was studied at both

nanosecond and nanometer resolution.
METHODS

Endothelial cell culture

Pooled primary human umbilical vein endothelial

cells (HUVECs; C2519A, LOT437550, Lonza, Verviers,

Belgium) were cultured in MV2 medium (C22121, Pro-

moCell GmbH, Heidelberg, Germany), supplemented

with 1% penicillin�streptomycin (15140122, Gibco,

Thermo Fisher Scientific, Waltham, MA, USA). The

HUVECs were grown to full confluency in T75 flasks (at

37˚C and 5% CO2) in a humidified incubator before

detaching them using Accutase solution (A6964, Sigma-

Aldrich, St. Louis, MO, USA). The cells were then

plated into acoustically characterized CLINIcells (mem-

brane thickness 50 mm; CLINIcell25-50-T, Mabio,

Tourcoing, France) (Beekers et al. 2019b) and grown for

two days into a fully confluent cell monolayer. The

medium was refreshed the day after plating. In total, 14

CLINIcells were cultured for experiments with ultra-

sound and microbubbles, 4 CLINIcells for ultrasound-

only experiments (i.e., without microbubbles), 3 CLINI-

cells for sham experiments (i.e., without microbubbles

or ultrasound) and 1 CLINIcell for the avb3-targeted

microbubble specificity experiment described below.
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Microbubble preparation

Lipid-coated microbubbles with a C4F10 gas core

were made by 1-min probe sonication, as described pre-

viously (Klibanov et al. 2004). The coating consisted of

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC,

84.8 mol%, P6517, Sigma-Aldrich); polyoxyethylene-

40-stearate (PEG-40 stearate, 8.2 mol%, P3440, Sigma-

Aldrich); 1,2-distearoyl-sn-glycero-3-phosphoethanol-

amine-N-[carboxy(polyethylene glycol)-2000] (DSPE-

PEG(2000), 5.9 mol%, PEG6175.0001, Iris Biotech

GmbH, Marktredwitz, Germany); and 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[biotinyl(polyethyl-

ene glycol)-2000] (DSPE-PEG(2000)-biotin, 1.1 mol%,

880129C, Avanti Polar Lipids, Alabaster, AL, USA).

Next, microbubbles were washed three times by centrifu-

gation (400g, 1 min) and counted with a Coulter Counter

Multisizer 3 (20-mm aperture tube, Beckman Coulter,

Mijdrecht, Netherlands). To target the microbubbles to

the integrin avb3 (also known as CD51/61), they were

functionalized using biotin�streptavidin bridging (Lind-

ner et al. 2001). Briefly, 6£ 108 microbubbles were

incubated on ice for 30 min with 60 mg streptavidin

(S4762, Sigma-Aldrich), washed once, incubated on ice

for 30 min with 6 mg of biotinylated anti-human CD51/
Fig. 1. Schematic of the experimental setup (not drawn to scal
daris 128 ultra-high-speed camera, an A1R+ confocal microsc
widefield imaging. HUVECs were cultured on the bottom m
removed just before inserting the CLINIcell in the water bath
angle, after alignment of the ultrasound and optical foci. (b) Th
ored in blue), the cell membranes with CellMask Deep Red (ps
Fluo-4 (pseudo-colored in white). Propidium iodide (pseudo-c
sonoporation. The avb3-targeted microbubbles were bound to t
the combined optical imaging system and ultrasound insonific
61 antibody (304412, BioLegend, San Diego, CA, USA)

and washed once again. Control microbubbles were pro-

duced by substituting the CD51/61 antibody for its bioti-

nylated isotype control (2600520, Sony Biotechnology,

San Jose, CA, USA).

avb3-targeting specificity assays

Expression of avb3 by HUVECs was evaluated with

the following immunohistochemistry assay. The cells

cultured in a CLINIcell were fixated for 20 min with 4%

formaldehyde, washed three times with phosphate-buff-

ered saline and blocked for 30 min with 5% goat serum

(G6767, Sigma-Aldrich). After the blocking solution

was removed, 2 £ 3 cm pieces were cut from the CLINI-

cell membrane with cells. These pieces were incubated

overnight at 4˚C with primary antibody biotinylated

anti-human CD51/61 (diluted 1:100, 304412, BioLe-

gend). After washing with 0.5% Tween-20, we blocked

again for 30 min with 5% goat serum. Next, the

HUVECs were incubated for 60 min with secondary

antibody anti-mouse Alexa Fluor 488 (diluted 1:100, A-

11029, Thermo Fisher Scientific), washed three times

with 0.5% Tween-20 and incubated for 5 min with

Hoechst 33342 (5 mg/mL final concentration, H3570,
e). (a) The optical imaging system consisted of the Bran-
ope and a DS-Fi3 (Nikon Instruments) color camera for
embrane of a CLINIcell, and the top membrane was
at 37˚C. Ultrasound insonification occurred under a 45˚
e HUVEC nuclei were stained with Hoechst (pseudo-col-
eudo-colored in green) and the intracellular calcium with
olored in red) was added to the medium as a marker for
he HUVECs. (c) Timeline of the imaging procedure with
ation. HUVEC = human umbilical vein endothelial cells.
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Thermo Fisher Scientific) to stain the cell nuclei. The

samples were mounted on a microscope slide in 100 mL

of Vectashield Hardset (H-1400, Vector Laboratories,

Burlingame, CA, USA). Specificity of the primary anti-

body CD51/61 was assessed by substituting the antibody

for the biotinylated IgG1-k isotype control (diluted

1:100, 2600520, Sony Biotechnology). The expression

was visualized with confocal microscopy (60£ objec-

tive, A1R+, Nikon Instruments, Amsterdam, Nether-

lands). Finally, microbubble targeting specificity was

also assessed by adding either avb3 -targeted microbub-

bles or control microbubbles to a CLINIcell (2£ 106

microbubbles/mL) and counting the number of micro-

bubbles bound to the live HUVECs in 20 different fields

of view (202£ 143 mm) using brightfield microscopy

imaging and a 60£water dipping objective (CFI Plan

Apochromat VC 60XC WI, Nikon Instruments).
Experimental setup

Figure 1 is a schematic of the developed optical

imaging system, consisting of the Brandaris 128 ultra-

high-speed camera (Chin et al. 2003) (up to 25 million

frames per second [Mfps]) coupled to a custom-built

Nikon A1R+ confocal microscope (Beekers et al.

2019a). The integrated experimental setup for simulta-

neous imaging and ultrasound insonification is also illus-

trated in Figure 1, which illustrates HUVECs cultured on

the bottom membrane of a CLINIcell, placed in a water

bath at 37˚C and insonified from below. A single-ele-

ment 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) was mounted

in the water bath at a 45˚ angle, to avoid standing wave

buildup. The transducer output was calibrated in a sepa-

rate experiment using a needle hydrophone (1-mm diam-

eter, PA2293, Precision Acoustics, Dorchester, UK).

The ultrasound and optical foci were aligned using a

pulse-echo approach and a needle tip located at the opti-

cal focal plane (Chen et al. 2013). 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 & Innova-

tion, Rochester, NY, USA) was used to obtain peak neg-

ative pressures of 100, 250 and 400 kPa. These

ultrasound settings (mechanical index <0.3) were cho-

sen to cause stable cavitation, while avoiding jetting and

buildup of acoustic streaming. By use of a 100£water

dipping objective (CFI Plan 100XC W, 2.5-mm working

distance, Nikon Instruments), a field of view of

128£ 128 mm (512£ 512 pixels, 0.25 mm/pixel) was

imaged at 5 fps with the confocal microscopy resonant

scanner. The system can automatically switch between

confocal microscopy and Brandaris 128 ultra-high-speed
imaging by triggering a motorized turret to rotate a full

mirror into and out of the light path.

Live cell experimental protocol

For live confocal microscopy imaging, the

HUVECs were stained with fluorescent dyes, while

remaining in the MV2 culture medium. First, the cells

were incubated for 10 min with 4 mg/mL CellMask

Deep Red (C10046, Thermo Fisher Scientific) to stain

the cell membrane and 1.8 mM Fluo-4 (F14201, Invitro-

gen, Carlsbad, CA, USA) to evaluate the intracellular

calcium (Ca2þi ) concentration. Then the cells were incu-

bated for 5 min with 2£ 105 microbubbles/mL, 5 mg/

mL Hoechst 33342 to stain the nuclei and 25 mg/mL PI

(P4864, Sigma-Aldrich) as a marker for sonoporation.

The cell membrane of viable cells is impermeable to PI.

When the cell membrane is compromised, PI enters the

cell, binds to DNA and RNA and becomes fluorescent

(Edidin 1970). Therefore, PI is often used as a marker

for sonoporation to evaluate membrane perforation (van

Wamel et al. 2006; Fan et al. 2012; Shamout et al. 2015;

Helfield et al. 2016; van Rooij et al. 2016; Qin et al.

2018a; Wang et al. 2018; Juang et al. 2019). During the

last incubation step, the CLINIcell was turned upside

down to allow the targeted microbubbles to float toward

the cells to achieve binding. Subsequently, the CLINIcell

was turned upright again, such that only the bound tar-

geted microbubbles remained in the focal plane of the

cells. The top membrane without cells was cut from the

CLINIcell to image with the 100£ objective from

above. In sham (i.e., without microbubbles and ultra-

sound) and ultrasound-only (i.e., without microbubbles)

experiments the same incubation timeline was used, but

without adding microbubbles. In each CLINIcell, a max-

imum of 15 locations spaced by at least 1 cm were

imaged within 2 h. At each location, there was only one

single targeted microbubble in the field of view. In addi-

tion, this targeted microbubble was located on a cell that

was completely within the field of view, and this cell had

a single nucleus that did not overlap with neighboring

cells. Confocal microscopy time-lapse imaging was per-

formed during 4 min using the following four channels:

(i) Hoechst excited at 405 nm, detected at 450/50 nm

(center wavelength/bandwidth), pseudo-colored in blue;

(ii) Fluo-4 excited at 488 nm, detected at 525/50 nm,

pseudo-colored in white; (iii) PI excited at 561 nm,

detected at 595/50 nm, pseudo-colored in red; and (iv)

CellMask Deep Red excited at 640 nm, detected at 700/

70 nm, pseudo-colored in green. Channels 1 and 4 were

imaged simultaneously as there was no spectral overlap.

Imaging started before insonification to visualize the ini-

tial cell state. Then, the system automatically switched

to the Brandaris 128 ultra-high-speed camera to record

microbubble oscillation during insonification at »17
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Mfps under brightfield illumination. Once this acquisi-

tion was completed, confocal microscopy time-lapse

imaging was automatically restored within 500 ms after

the Brandaris 128 acquisition to observe the local cellu-

lar response during >210 s.

Brandaris 128 image processing

Microbubble oscillation was quantified using cus-

tom-designed image analysis software to determine the

change in radius as a function of time (van der Meer

et al. 2007). Microbubble oscillation amplitude was

defined as the difference between the maximum radius

(Rmax) and the initial radius (R0, determined from the

first 10 frames without ultrasound). The oscillation

amplitude thresholds for sonoporation and irreversible

Ca2þi fluctuations were determined by linear discrimi-

nant analysis (Helfield et al. 2016).

Confocal microscopy image analysis

The cellular response after ultrasound was evalu-

ated for sonoporation, opening of cell�cell contacts and

Ca2þi fluctuations. First, when the PI intensity increased

upon insonification, the cell was classified as sonopo-

rated. Second, when the CellMask signal exhibited a gap

forming between the cell and its neighbor(s), the cell

was classified as undergoing opening of cell�cell con-

tacts. Finally, changes in Fluo-4 intensity in the cell

were evaluated to classify Ca2þi fluctuations as described

below. To quantitatively assess the local cellular

response, custom-built image analysis software was used

to manually register the microbubble location and delin-

eate the cell with the targeted microbubble and all its

adjacent neighbors. In case of opening of cell�cell con-

tacts, the cell delineation was adjusted as a function of

time to account for cell movement. All analyses were

performed with MATLAB (The MathWorks, Natick,

MA, USA).

Quantification of sonoporation

Sonoporation was quantified by the amount of PI

uptake to determine the pore size and resealing proper-

ties, as mathematically described by Fan et al. (2012).

Fluorescence intensity F(t) was defined as the sum of PI

fluorescence intensity of all the pixels within the delin-

eated cell area after ultrasound minus mean PI fluores-

cence intensity before ultrasound. By use of a non-linear

least-squares approach in MATLAB, F(t) was fitted to

F tð Þ ¼ a

b
1�e�bt
� � ð1Þ

where a is the pore size coefficient, and b is the pore

resealing coefficient. F(t) reaches an asymptotic value

when PI uptake stabilizes, caused by pore resealing. The

sonoporated cells were classified as previously described
by van Rooij et al. (2016). Briefly, when 90% of the

asymptotic value of F(t) was reached in less than 120 s

or not, the sonoporated cells were classified as resealing

<120 s or non-resealing, respectively. Cells that resealed

within 120 s were additionally classified using principal

component analysis into low PI, with small pore sizes

and high pore resealing coefficients, and high PI, with

large pore sizes and low pore resealing coefficients.

Large pores that reseal insufficiently will cause more

severe cell damage. To quantify this severity of sonopo-

ration, a pore damage coefficient was defined as the ratio

between the pore size coefficient (a) and the pore reseal-

ing coefficient (b).

Quantification of intracellular calcium (Ca2þi )

fluctuations

The Ca2þi fluctuations were quantified based on the

relative Ca2þi level, defined as the mean Fluo-4 fluores-

cence intensity after ultrasound normalized to the mean

Fluo-4 fluorescence intensity before ultrasound, within

the delineated cell area. The noise level for Ca2þi fluctua-

tions was determined from the maximum relative Ca2þi
level in control experiments (sham and ultrasound only).

We found that the Fluo-4 intensity could increase up to

an average of 30% in control experiments, because of,

for instance, changes in cell loading or shifting of the

focal plane. To quantitatively assess the cellular

response, a Ca2þi fluctuation was defined as an increase

in the Fluo-4 fluorescence intensity by more than 60%

(twice the noise level) during at least 2 s. This corre-

sponds to a relative Ca2þi level >1.6. This quantification

led to the following four classes of Ca2þi fluctuations: (i)

“stable” when the relative Ca2þi level did not increase

above the 1.6 threshold during 2 s; (ii) “<180 s” when

the relative Ca2þi level increased above 1.6 during 2 s

and decreased below this threshold within 180 s; (iii)

“>180 s” when the relative Ca2þi level increased above

1.6 during 2 s and remained above this threshold after

180 s; and (iv) “clusters” when the relative Ca2þi level

increased above 1.6 during 2 s, then quickly dropped,

leaving only a granular-like fluorescence pattern of

Ca2þi .

Quantification of calcium waves

To determine if a calcium wave was induced upon

sonoporation, the relative Ca2þi level in the adjacent cells

was monitored in fields of view with a single sonopo-

rated cell (n = 55). When the relative Ca2þi level in an

adjacent cell was >1.6 during at least 2 s, this cell was

labeled as affected. The fraction of affected cells in a cal-

cium wave is a measure of the extent of disturbance

caused by the wave, and was defined as the ratio between

the number of affected adjacent cells and the total num-

ber of adjacent cells. Next, to quantify the speed at which
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the calcium wave propagated toward adjacent cells, we

considered it a spherical wave propagating outward from

its origin at the microbubble location. To do so, the field

of view was converted to a spherical coordinate system

centered at the microbubble and segmented into radial

bands of 1 mm. On average, the field of view was split

up in 59 radial bands. The mean relative Ca2þi level in

each radial band was determined for each time frame.

This allowed us to quantify the calcium wave propaga-

tion in color-coded maps as a function of time and dis-

tance from the microbubble. In each radial band, the

wavefront arrival time was defined as the time at which

the relative Ca2þi level was >1.6 and then remained ele-

vated for at least 2 s. The slope of the linear fit through

those arrival times was defined as the calcium wave-

front speed. Additionally, we evaluated the propagation

of Ca2þi within each adjacent cell. As before, the spheri-

cal coordinate system centered at the microbubble was

used to partition the field of view into radial bands of

1 mm. However, now the cell delineation of each adja-

cent cell was used to mask these radial bands. The

mean relative Ca2þi levels in the masked radial bands

were determined for each time frame. This resulted in a

color-coded map as a function of time and distance

from the microbubble for each adjacent cell. The wave-

front arrival times were again determined, and the cal-

cium wavefront speed within each cell was obtained.
Fig. 2. Combined Brandaris 128 ultra-high-speed imaging and co
ing and confocal microscopy time-lapse imaging illustrating a sing
poration, opening of cell-cell contacts (indicated by white triangl
fluctuations either (a) remained elevated <180 s, (b) remained ele
The fluorescence intensity of propidium iodide (PI) and Fluo-4 rel
the bottom. Cell nuclei in blue, cell membrane in green, PI in red
with an arrow in the initial cell state. Bars = 10 mm. The correspo
plementary Videos 1, 2 and 3. To better distinguish PI uptake, se
microscopy imaging. Radius�time curves of the respective micr

S4, and a more detailed image of the clustered patte
See Supplementary Figure S1 (online only) for a step-

wise example of this method.
Statistical analysis

Categorical data were tested for significant differen-

ces using Pearson’s x2-test. Quantitative data (microbub-

ble oscillation amplitude, pore damage coefficient,

fraction of affected cells and calcium wavefront speed)

were not normally distributed and thus were expressed

as median and interquartile ranges. To test for significant

differences, the two-sided Mann�Whitney U-test was

performed. Statistically significant differences were indi-

cated in the graphs with asterisks. All boxplots were pre-

sented with the central line at the median, the box limits

at the first and third quartiles and the whiskers ranging

from the minimum to the maximum value. Spearman’s

rank-order correlation was performed to determine the

relationship between the microbubble oscillation ampli-

tude and the fraction of affected cells in a calcium wave.

All statistical analyses were performed with MATLAB.
RESULTS

Cellular response to a single oscillating microbubble

The cellular response to a single avb3-targeted

microbubble (Supplementary Fig. 2, online only) upon
nfocal microscopy. Selected frames of Brandaris 128 imag-
le oscillating targeted microbubble (MB) that induced sono-
es) and intracellular calcium (Ca2þi ) fluctuations. The Ca2þi
vated >180 s or (c) resulted in a clustered pattern of Ca2þi .
ative to that before ultrasound is illustrated in the panels on
and Ca2þi in white. The microbubble location was indicated
nding confocal microscopy recordings can be found in Sup-
e Supplementary Figure S3 for the red channel of confocal
obubble oscillation can be found in Supplementary Figure
rn can be found in Supplementary Figure S5.
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ultrasound insonification was evaluated (n = 108).

Selected frames of confocal microscopy and Brandaris

128 imaging are presented in Figure 2, illustrating three

distinct cellular responses caused by an oscillating

microbubble. The corresponding confocal microscopy

recordings can be found in Supplementary Videos S1,

S2 and S3 (online only). To better distinguish PI uptake

upon sonoporation, the red channel of these confocal

microscopy frames is provided in Supplementary Figure

S3 (online only). Before ultrasound, a single targeted

microbubble (arrow, Fig. 2) was bound to the central

cell in each field of view. Confocal microscopy imaging

of the initial cellular state revealed that all cells were via-

ble and had an intact cell membrane, indicated by the

absence of PI (red channel, in Fig. 2 and Supplementary

Fig. S3, online only). There was a similar equilibrium

level of Ca2þi in all cells, as indicated by the overall

Fluo-4 signal (white channel, Fig. 2). Next, the micro-

bubble oscillation was recorded with the Brandaris 128

ultra-high-speed camera during ultrasound and quanti-

fied as illustrated in Supplementary Figure S4 (online

only). All microbubbles remained bound to the cells dur-

ing oscillation, as they were still in the same focal plane

after ultrasound. After ultrasound, PI uptake (red chan-

nel, Fig. 2 and Supplementary Figure S3, online only)

was observed locally around the microbubble location

and then diffused throughout the cell, indicative of sono-

poration. The time profiles of the PI intensity upon sono-

poration were determined based on the red fluorescent

intensity within the cell, normalized to that before ultra-

sound (panels on the right of Fig. 2). The PI intensity

was highest in Figure 2c, suggesting that more of this

fluorescent marker was able to enter the cell through the

pore created in the cell membrane than in Figure 2a and

2b. Additionally, upon PI influx, there was a simulta-

neous increase in Fluo-4 intensity (white channel, Fig. 2)

in the sonoporated cell. Successively, the Fluo-4
Fig. 3. Intracellular calcium (Ca2þi ) fluctuations upon sonopo
sonoporation and the distinct Ca2þi fluctuations upon an oscillat
each class of Ca2þi fluctuations. (c) Microbubble oscillation am
of cell�cell contact opening upon different Ca2þi fluctuations. B
whiskers extend from minimum value to maximum value. Sta

***p < 0.
intensity also increased in adjacent non-sonoporated

cells, which is described in more detail in the section

Calcium Waves. Three distinct Ca2þi fluctuations were

observed in the sonoporated cells: (i) Ca2þi increased

upon sonoporation and remained elevated <180 s, after

which it returned to the initial Ca2þi level (Fig. 2a); (ii)

Ca2þi increased upon sonoporation but did not return to

the initial Ca2þi level within 180 s (Fig. 2b); (iii) Ca2þi
increased upon sonoporation but quickly decreased and

only a clustered pattern of Ca2þi remained (Fig. 2c and

Supplementary Fig. S5, online only). A high-resolution

image of a typical clustered Ca2þi pattern can be found in

Supplementary Figure S5. For each of the Ca2þi fluctua-

tions, the time profiles of the Fluo-4 intensity are shown

in the panels on the right in Figure 2. Finally, the Cell-

Mask imaging (green channel, Fig. 2) revealed changes

in border integrity as gaps (arrowheads, Fig. 2) formed

between the sonoporated cell and its neighbors, indica-

tive of cell�cell contact opening. Overall, the cellular

response upon ultrasound insonification of a microbub-

ble was studied in 108 fields of view.

Intracellular calcium fluctuations upon sonoporation

The oscillating microbubble caused sonoporation in

71% of the cells (77 of 108 cells) and sonoporation

always resulted in a local increase in Ca2þi (77 of 77

cells, Fig. 3a). When the oscillating microbubble caused

no sonoporation, it never induced a local increase in

Ca2þi (n = 31, Fig. 3a). An increase in Ca2þi occurs upon

pore formation caused by a concentration imbalance, as

the free calcium concentration is about 10,000-fold

lower in the cytosol than outside the cell (Carafoli and

Krebs 2016). Depending on the temporal evolution of

the Ca2þi increase upon sonoporation, the Ca2þi fluctua-

tions were categorized in the three distinct responses

illustrated in Figure 2. In 19% of the sonoporated cells,

the Ca2þi level was elevated <180 s (n = 15), in 49% of
ration and cell�cell contact opening. (a) Occurrence of
ing microbubble. (b) Pore damage upon sonoporation for
plitude for each class of Ca2þi fluctuation. (d) Occurrence
oxplots illustrate the median and interquartile range; the
tistically significant differences: *p < 0.05, **p < 0.01,
001.
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the cells Ca2þi was elevated >180 s (n = 38) and in 31%

of the cells Ca2þi exhibited clusters (n = 24). Sonopora-

tion was never observed in sham (n = 36) or ultrasound-

only control experiments (n = 15 at 100 kPa, n = 15 at

250 kPa, n = 14 at 400 kPa). When there was no sonopo-

ration, in only 1.6% of the monitored cells there was a

spontaneous increase in Ca2þi levels that returned to

equilibrium within 180 s (3 of 216 cells for sham and 5

of 264 cells for ultrasound only).

For each sonoporated cell, the pore size and pore

resealing coefficients are given in Supplementary Figure

S6 (online only). When the pore created upon sonoporation

was small and resealed within 120 s (low PI uptake), the

Ca2þi levels were reversibly altered in 35% of the cells (ele-

vated <180 s) and Ca2þi was elevated >180 s in the

remaining 65% of these cells. These small and resealing

pores never caused a clustered pattern of Ca2þi . However,

when pores were large (high PI uptake) or remained open

longer than 120 s, the Ca2þi levels were mainly irreversibly

altered, as Ca2þi either remained elevated >180 s (39%) or

clustered (52%) (Supplementary Fig. S6, online only).

Because large pores with low resealing capabilities cause

the most severe damage to a cell, the ratio of the obtained

pore size to the resealing coefficient was used as a measure

for pore damage. The pore damage was significantly higher

for Ca2þi fluctuations that clustered than for those that

remained elevated >180 s (Fig. 3b). Additionally, the pore

damage was significantly higher for both these irreversible

Ca2þi fluctuations (>180 s or clusters) than for those that

returned to equilibrium<180 s (Fig. 3b).
Fig. 4. Calcium wave to all adjacent cells caused by sonopora
Selected confocal microscopy frames of intracellular calcium (Ca2i
tial cell state indicates the microbubble location (arrow) and
Bars = 10 mm. (b) Mean Ca2þi level in each delineated cell relativ
all adjacent cells exhibited a Ca2þi fluctuation, 100% of the cells w
cium wave. The relative Ca2þi level (i.e., normalized to that befor

distance from the microbubble. The calcium wavefront (b
The microbubble oscillation amplitude, obtained

from the Brandaris 128 ultra-high-speed recordings,

ranged from 0.12�2.65 mm upon insonification from

100�400 kPa (Supplementary Fig. S7, online only).

This was predominantly stable cavitation, as only 1 of

108 microbubbles exceeded the threshold for inertial

cavitation (i.e., expansion of at least twice its size during

oscillation) (Leighton 1994). Sonoporation was induced

with microbubble oscillation amplitudes >0.75 mm

(n = 77, Supplementary Fig. S7). As illustrated in

Figure 3c, a higher microbubble oscillation amplitude

>1 mm was needed to irreversibly alter the Ca2þi concen-

tration (i.e., when it was elevated for more than 180 s or

resulted in clustering). This was significantly larger than

the oscillation amplitude required to reversibly alter the

Ca2þi , that is, when it returned to the initial concentration

within 180 s.

Opening of cell�cell contacts

In 46% of the fields of view, the oscillating micro-

bubble also induced opening of cell�cell contacts

between the cell to which the microbubble was bound

and its neighbors. The number of cells in which cell�cell

contact opening was observed was significantly higher

when the Ca2þi fluctuation in the sonoporated cell was

elevated >180 s, and even higher when Ca2þi clustered

(Fig. 3d). Opening of cell�cell contacts did not correlate

with the amplitude of the microbubble oscillation (Sup-

plementary Fig. S7). Ultrasound only, without microbub-

bles, did not enhance opening of cell�cell contacts, as
tion resulting from an oscillating microbubble (MB). (a)
þ) stained with Fluo-4, corresponding to Figure 2c. The ini-
cell delineation. The microbubble was insonified at 0 s.
e to the initial equilibrium state before MB oscillation. As
ere affected. (c) Resulting space�time diagram of the cal-
e ultrasound) is plotted as a function of time and the radial
lack solid line) propagated with a speed of 16 mm/s.



Fig. 5. Calcium wave to only a fraction of the adjacent cells caused by sonoporation resulting from an oscillating micro-
bubble (MB). (a) Selected confocal microscopy frames of intracellular calcium (Ca2þi ) stained with Fluo-4. The initial
cell state indicates the microbubble location (arrow) and cell delineation. The microbubble was insonified at 0 s.
Bars = 10 mm. (b) Mean Ca2þi level in each delineated cell relative to the initial equilibrium state before MB oscillation.
As five of eight adjacent cells exhibited a Ca2þi fluctuation, 63% of the cells were affected. (c) Resulting space�time dia-
gram of the calcium wave in each adjacent cell. The relative Ca2þi level (i.e., normalized to that before ultrasound) is
plotted as a function of time and the radial distance from the microbubble. The calcium wavefront (black solid line) prop-

agated with a median speed of 16 mm/s.

Fig. 6. Fraction of adjacent cells affected in a cal-
cium wave. (a) Fraction of affected cells in a cal-
cium wave induced by each of the distinct Ca2þi
fluctuations in the sonoporated cell. (b) Microbub-
ble oscillation amplitude as a function of the frac-

tion of affected cells in a calcium wave.
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that occurred as often in ultrasound-only as in sham con-

trol experiments without ultrasound (7 of 36 cells for

sham, 8 of 44 cells for ultrasound only).

Calcium waves

Upon a Ca2þi fluctuation in the sonoporated cell, an

increase in the Ca2þi concentration was seen to spatially

propagate from the sonoporated cell toward adjacent

cells (Figs. 4a and 5a). This phenomenon is known as a

calcium wave propagating outward from the microbub-

ble location. By monitoring the Fluo-4 intensity in the

adjacent cells, the time profiles revealed a delayed

increase in Ca2þi , about 2 s after microbubble oscillation

(Figs. 4b and 5b). The increase in Ca2þi in the adjacent

cells was reversible, as it always returned to the equilib-

rium level within 180 s, independent of the temporal

evolution of the Ca2þi fluctuation in the sonoporated cell.

Not all adjacent cells were equally affected in a calcium

wave; some cells had a more delayed response and

others were not affected at all. Figure 4a illustrates

selected frames of confocal microscopy time-lapse imag-

ing of a calcium wave that affected 100% of the adjacent

cells, as delayed Ca2þi fluctuations were observed in all

cells (Fluo-4 time profiles in Fig. 4b). Figure 5a illus-

trates an example of a calcium wave that affected only a

fraction (63%) of the adjacent cells, as delayed Ca2þi
fluctuations were observed in 5 of 8 cells (Fluo-4 time

profiles in Fig. 5b). When Ca2þi clustered in the sonopo-

rated cell, it resulted in a calcium wave propagating to
more than half of the adjacent cells in 94% of cases

(Fig. 6a). When the severity of the Ca2þi fluctuation in

the sonoporated cell decreased, fewer adjacent cells

were affected. Additionally, the fraction of affected cells
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during a calcium wave positively correlated with the

microbubble oscillation amplitude (Spearman correla-

tion coefficient r = 0.6, p < 0.001; Fig. 6b).

The calcium wavefront, when 100% of the adjacent

cells were affected, propagated with a median speed of

15 mm/s (interquartile range: 12�19 mm/s, n = 16;

Fig. 4c). When calcium wave propagation is considered

as a spherical wave, we assume the full field of view is

affected. However, when only a fraction of the adjacent

cells exhibit an increase in Ca2þi , the cells in which Ca2þi
remains stable will interfere with adequate quantification

of the wavefront speed. Therefore, to additionally deter-

mine the speed of the intracellular calcium wave, the

wavefront speed was also quantified within each adja-

cent cell. The intracellular calcium wavefront propa-

gated with a median speed of 12 mm/s (interquartile

range: 8�17 mm/s, n = 191; Fig. 5c). That the intracellu-

lar wave speed exhibited only a very weak correlation

with the fraction of affected cells (Spearman correlation

coefficient r = 0.3, p < 0.001) suggests that the intracel-

lular wavefront speed was independent of the number of

cells affected. Finally, there was no statistically signifi-

cant difference between the propagation speed computed

either over the full field of view or within each adjacent

cell, that is, between the intercellular and the intracellu-

lar calcium wave propagation speeds.
DISCUSSION

The microbubble�cell interaction necessary for

sonoporation, Ca2þi fluctuations, propagation of calcium

waves and opening of cell�cell contacts was unraveled

using the combined Brandaris 128 ultra-high-speed cam-

era and confocal microscope.

By studying the microbubble�cell interaction at

ultra-high temporal and high spatial resolution, we found

that a microbubble oscillation amplitude >0.75 mm was

needed to induce sonoporation in endothelial cells. This

threshold for a 10-cycle pulse is in the range of

>0.72 mm for a 16-cycle pulse or >1.02 mm for an 8-

cycle pulse, as previously reported for 2 MHz (Helfield

et al. 2016). In addition, our study found that sonopora-

tion always resulted in an immediate Ca2þi influx through

the created membrane pore, as was also found for rat car-

diomyoblasts (Fan et al. 2010). We found that the high-

est pore damage (large pore size and poor membrane

resealing) resulted in the most severe Ca2þi fluctuations,

which also strongly correlated with the microbubble

oscillation amplitude. The Ca2þi fluctuation was revers-

ible (i.e., elevated <180 s) for oscillation amplitudes

<1 mm, indicating that the cell membrane resealed and

normal homeostatic Ca2þi concentrations were restored.

This reversibility suggests cell viability after sonopora-

tion (Fan et al. 2010). Reversible Ca2þi fluctuations have
previously been reported in the literature, but the neces-

sary microbubble oscillation behavior was never

resolved (Juffermans et al. 2006, 2009; Kumon et al.

2007, 2009; Meijering et al. 2009; Fan et al. 2010; Park

et al. 2011). Our results suggest that there is a very nar-

row band of microbubble oscillation amplitudes, from

>0.75 to <1 mm, in which cell viability is maintained

upon sonoporation. However, it remains to be investi-

gated if the reversible Ca2þi fluctuation that suggests cell

viability in the short term cannot trigger long-term cellu-

lar responses that, for instance, interfere in cell prolifera-

tion or induce DNA damage (Berridge et al. 2000;

Honda et al. 2004; Hassan et al. 2010).

With microbubble oscillation amplitudes >1 mm,

we observed an irreversible alteration of the Ca2þi con-

centration, as Ca2þi either remained elevated >180 s or

clustered. Ca2þi fluctuations that remain elevated >180 s

have also been reported in Chinese hamster ovary cells

treated with oscillating microbubbles, and were assumed

to be caused by unsuccessful membrane resealing

(Kumon et al. 2007, 2009). However, in the experimen-

tal procedure used in these studies by Kumon et al., pore

formation was not evaluated to support this hypothesis.

In our study, pore formation and resealing were assessed

based on PI influx. We observed that even when the pore

created upon sonoporation was small and resealed within

120 s (low PI uptake), about 65% of the cells exhibited

irreversible Ca2þi fluctuations that remained elevated

>180 s (Supplementary Fig. S6, online only). Therefore,

when Ca2þi remains elevated, it does not necessarily

mean sustained membrane damage occurred, but it does

indicate the cell is not able to regain homeostatic con-

centrations after the Ca2þi overload. Because a highly

toxic overload of Ca2þi can still trigger the onset of bio-

logical responses that result in cell death (Berridge et al.

2000), we hypothesize that Ca2þi levels that are elevated

>180 s are indicative of irreversible cell damage, despite

membrane resealing. In other words, membrane reseal-

ing is required but not sufficient to preserve cell viabil-

ity. For the first time, clustering of Ca2þi was observed

upon sonoporation. This characteristic uptake pattern is

likely owing to Ca2þi compartmentalization into cellular

organelles that function as Ca2þi stores (Thomas et al.

2000), such as the endoplasmic reticulum (ER) and mito-

chondria, and efflux of free Ca2þi while the pore remains

open. It is known that an overload of Ca2þi will accumu-

late in the mitochondria which can trigger apoptosis

(Nicotera and Orrenius 1998; Orrenius et al. 2003). A

flow cytometry study on leukemia cells revealed that

oscillating microbubbles can indeed trigger this

Ca2þi -dependent apoptotic pathway (Honda et al. 2004;

Hassan et al. 2010). Since Ca2þi clustering occurred for

the highest pore damage coefficients, it is indicative of

excessive trauma, which might also directly lead to
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necrosis (Hassan et al. 2010). A granular-like fluores-

cence has previously been reported when imaging an

oxidation-sensitive fluorescent probe (20,70-dichloro-
fluorescein) to study the effect of oscillating microbub-

bles on reactive oxygen species (ROS). It was suggested

that this apparent granulation was caused by high levels

of ROS in the mitochondria related to the Ca2þi influx

(Jia et al. 2018).

The Ca2þi fluctuations spatially propagated within

each cell via intracellular calcium waves and among

neighboring cells via intercellular calcium waves. These

are complex spatiotemporal processes regulated by cel-

lular signaling mechanisms and limited by passive diffu-

sion (Leybaert and Sanderson 2012). Intracellular

calcium propagation induced by an oscillating microbub-

ble occurs through two main mechanisms. First, upon

pore formation, external calcium ions diffuse into the

cytosol and can trigger a calcium-induced release of

Ca2þi from the ER (Berridge et al. 2000). Second, mem-

brane stress and elevated Ca2þi levels trigger the produc-

tion of inositol 1,4,5-trisphosphate (IP3), which diffuses

through the cell and also stimulates Ca2þi release from

the ER (Leybaert and Sanderson 2012). At the same

time, the intercellular calcium wave leads to a Ca2þi rise

in adjacent cells. However, it is not directly the Ca2þi
that diffuses among cells but the IP3 messenger, as

described in detail by Leybaert and Sanderson (2012).

Elevated IP3 levels will be transmitted to adjacent cells

through gap junctions or through paracrine signaling, by

stimulating adenosine triphosphate (ATP) release into

the extracellular space, which in turn stimulates the pro-

duction of IP3. Both of these processes result in elevated

IP3 levels in adjacent cells, which will stimulate Ca2þi
release from the ER, leading to the observed delayed

Ca2þi fluctuations. In our study, some adjacent cells were

not affected by the induced calcium wave, suggesting

that there were fewer gap junctions for IP3 transmission

or fewer receptors on the cell membrane sensitive to the

increase in extracellular ATP to stimulate IP3 produc-

tion. Additionally, we found that larger microbubble

oscillation amplitudes caused a calcium wave that

affected more adjacent cells. This is likely owing to the

creation of a larger pore and, hence, a more severe Ca2þi
fluctuation that causes a higher production of IP3, so

more internal messenger is available to trigger the subse-

quent pathways for calcium wave propagation. In our

study, we used Fluo-4 to quantify the relative changes in

Ca2þi using a single imaging channel and normalizing to

the initial Ca2þi levels in each cell. To quantitively com-

pare the Ca2þi levels between cells, ideally a dual-wave-

length ratiometric calcium indicator such as Fura-2

should be used (Bootman et al. 2013). However, for
ratiometric dyes, two imaging channels are required. As

only four simultaneous imaging channels are available

in the confocal microscope, either the nuclei, cell mem-

brane or uptake of PI could not have been imaged if a

ratiometric calcium dye had been used.

The high spatial and temporal resolution of the con-

focal microscope allowed us to quantify the spatiotempo-

ral evolution of calcium waves as a spherical wave. The

intracellular calcium wavefront propagated at »12 mm/s,

independent of how many cells were affected, and the

intercellular wave front propagated at »15 mm/s when all

adjacent cells were affected. These calcium wave speeds

are in agreement with the »10�20 mm/s generally

reported in the literature for various stimuli and cell types

(Leybaert and Sanderson 2012), the 17 mm/s estimated in

endothelial cells upon force probe stimulation (Long et al.

2012) and the 7�20 mm/s in Chinese hamster ovary cells

upon oscillating microbubbles (Kumon et al. 2009).

Opening of cell�cell contacts was observed upon

an oscillating microbubble, causing gap formation

between neighboring cells by the disruption of intercel-

lular junctions. This is a clinically relevant therapeutic

bio-effect because it can facilitate the extravasation of

drug compounds from the vasculature, for instance, to

overcome the blood�brain barrier (Konofagou 2012).

The occurrence of opening of cell�cell contacts was not

predictable from microbubble oscillation amplitude.

However, it did strongly correlate to the severity of the

induced Ca2þi fluctuation. When an irreversible Ca2þi
fluctuation was induced upon sonoporation, there was a

significantly higher chance of cell�cell contact opening

between the cell and its neighbors. This suggests that

cell�cell contact opening is a biological response trig-

gered by elevated Ca2þi levels. Membrane stress and ele-

vated Ca2þi can cause rearrangement of the cytoskeleton,

which coupled to the tight junctions might be causing

the opening of cell�cell contacts (Hassan et al. 2010; Li

et al. 2018). Rearrangement of the cytoskeleton because

of an oscillating microbubble has been reported (Chen

et al. 2014), but it remains to be evaluated if this is asso-

ciated with an increased occurrence of cell�cell contact

opening. Additionally, a rise in Ca2þi can cause endothe-

lial cell contraction and thereby reduce the cell surface

area (Mehta and Malik 2006). This might facilitate

quicker resealing of the pore by reducing the pore area

and making membrane lipids available to repair the

pore. We observed that upon opening of cell�cell con-

tacts, the intercellular gaps remained open for >210 s.

The single example previously reported in the literature

indicated that cell�cell contacts can remain open for

tens of minutes (Helfield et al. 2016). However, they did

not correlate this bio-effect to microbubble behavior,
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sonoporation or Ca2þi fluctuations. It remains to be inves-

tigated how the long-term recovery of cell�cell contacts

correlates to the Ca2þi fluctuation and calcium wave.

CONCLUSIONS

Using the combined Brandaris 128 ultra-high-speed

camera and confocal microscope, we could simulta-

neously resolve specific microbubble oscillation, sono-

poration, Ca2þi fluctuations, propagation of calcium

waves and opening of cell�cell contacts. Three distinct

Ca2þi uptake profiles were identified upon sonoporation,

which propagated to adjacent cells via calcium waves.

The distinct Ca2þi fluctuations strongly correlated with

the microbubble oscillation amplitude, the severity of

pore damage induced by sonoporation, the occurrence of

cell�cell contact opening and the number of adjacent

cells affected in a calcium wave. This novel optical

imaging system yields new insights into the microbub-

ble�cell interaction to aid the development of microbub-

ble-enhanced drug delivery.
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