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A B S T R A C T

Ultrasound-triggered microbubble-assisted drug delivery is a promising tool for localized therapy. Several stu-
dies have shown the potential of nanoparticle-loaded microbubbles to effectively enhance the delivery of
therapeutic agents to target tissue. We recently discovered that nanoparticle-carrying microbubbles can deposit
the nanoparticles in patches onto cell membranes, a process which we termed ‘sonoprinting’. However, the
biophysical mechanisms behind sonoprinting are not entirely clear. In addition, the question remains how the
ultrasound parameters, such as acoustic pressure and pulse duration, influence sonoprinting. Aiming for a better
understanding of sonoprinting, this report investigates the behavior of nanoparticle-loaded microbubbles under
ultrasound exposure, making use of three advanced optical imaging techniques with frame rates ranging from 5
frames per second to 10 million frames per second, to capture the biophysical cell-bubble interactions that occur
on a multitude of timescales. We observed that non-spherically oscillating microbubbles release their nano-
particle payload in the first few cycles of ultrasound insonation. At low acoustic pressures, the released nano-
particles are transported away from the cells by microstreaming, which does not favor uptake of the nano-
particles by the cells. However, higher acoustic pressures (> 300 kPa) and longer ultrasound pulses (> 100
cycles) lead to rapid translation of the microbubbles, due to acoustic radiation forces. As a result, the released
nanoparticles are transported along in the wake of the microbubbles, which eventually leads to the deposition of
nanoparticles in elongated patches on the cell membrane, i.e. sonoprinting. We conclude that a sufficiently high
acoustic pressure and long pulses are needed for sonoprinting of nanoparticles on cells.

1. Introduction

Localized drug therapy could improve the treatment of many dis-
eases by preventing adverse effects derived from off-target drug activity
[1–3]. Microbubble-assisted ultrasound-triggered drug delivery is a
promising approach, as it provides the unique opportunity to combine
diagnostic contrast imaging with localized drug delivery [1,2]. More-
over, treatment with ultrasound and microbubbles can increase cell
membrane permeability, which is mainly attributed to the occurrence
of small pores in the cell membrane, through a process called sono-
poration1. Therefore, the improved delivery is ascribed to the combined
effect of a local high-dose release and microbubble cavitation that

enhances cellular permeability.
Several in vitro and in vivo studies have demonstrated substantial

improvement of microbubble-mediated drug delivery with ultrasound
when drug-carrying nanoparticles are loaded onto the microbubble
surface, as opposed to the co-administration of these nanoparticles and
microbubbles [4–9]. However due to size constraints, it is highly un-
likely that drug-containing nanoparticles can passively diffuse through
cell membrane pores that arise during sonoporation [10]. Hence, we
speculated that other biophysical mechanisms are responsible for the
enhanced cellular drug delivery when using nanoparticle-loaded mi-
crobubbles. In a previous in vitro study [4], we observed that micro-
bubbles could deposit nanoparticles in elongated patches onto cell
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membranes, a process that we termed ‘sonoprinting’. Sonoprinting oc-
curred exclusively when the nanoparticles were physically coupled to
the surface of the microbubbles and resulted in a highly localized de-
livery. However, the precise biophysical mechanism behind this kind of
microbubble-assisted drug delivery remains to be investigated.

In recent studies by Luan et al. [11] and Lajoinie et al. [12], high-
speed fluorescence imaging of lipid-shelled microbubbles (without na-
noparticles) under ultrasound exposure revealed that the microbubble
shell lipids were released from the gas core during microbubble cavi-
tation. Subsequently, these lipids were transported away from the
membrane on which the microbubbles were resting, by acoustic mi-
crostreaming that was generated around the non-spherically oscillating
microbubble [12,13]. Similar findings were observed with liposome-
loaded microbubbles [14]. It has been proposed that microstreaming
around oscillating microbubbles may enhance the mixing of the re-
leased drugs by convective flow, and as such stimulate drug delivery
[15,16]. However, it seems doubtful that microstreaming is responsible
for the deposition of nanoparticles onto cell membranes, as observed
during sonoprinting. First of all, while microstreaming is generated by
stably cavitating microbubbles at rather low acoustic pressures (10 kPa
[17] to 300 kPa [13,17]), a majority of research groups observes im-
proved drug delivery using higher acoustic pressures (500 kPa up to
3MPa [18,19]) and long ultrasound pulses (hundreds to thousands of
cycles [19–22]). Secondly, since the high-speed imaging studies above
were performed in the absence of cells, they lack any information about
microbubble-cell interactions that might stimulate the cellular uptake
of the released nanoparticles. Finally, it is known that the acoustic
behavior of microbubbles can change after loading with nanoparticles
[23]. Consequently, the phenomena leading to drug delivery may be
affected as well. It remains therefore crucial to investigate the exact
delivery phenomena at play and the role of ultrasound parameters
herein.

In this study, we address the gap in our understanding of the phy-
sical and biophysical processes that lead to enhanced cellular drug
delivery with nanoparticle-loaded microbubbles. More precisely, we
investigated the impact of acoustic pressure (100, 300 and 500 kPa) and
ultrasound pulse length (10, 100 or 1000 cycles) on sonoprinting by
flow cytometry. Since the biophysical interactions between cavitating
microbubbles and cellular membranes take place at the millisecond
timescale, while microbubble oscillations occur at the nanosecond
timescale, unraveling the successive processes that lead to ultrasound-
mediated drug delivery is a multi-timescale challenge. To access these
multiple timescales, we made use of a unique set of advanced optical
imaging methods. Confocal microscopy was performed to visualize
sonoporation and sonoprinting of cells. In addition, a combination of
high-speed fluorescence and ultra-high-speed imaging was employed to
provide information on the nanoparticle release from the microbubbles
and their subsequent transport. Combining these techniques, we gained
insight into the biophysical mechanisms underlying sonoprinting and
the effect of acoustic pressure and pulse duration on this phenomenon.
Furthermore, we compared nanoparticle-loaded microbubbles to un-
loaded microbubbles to better understand the impact of nanoparticle-
loading of microbubbles.

2. Materials and methods

2.1. Cell culture

B16F0 melanoma cells were grown in culture flasks in a humidified
atmosphere with 5% CO2 at 37 °C. The culture medium was Dulbecco's
Modified Eagle Medium (Gibco™, Thermo Fisher Scientific, Waltham,
WA, USA), supplemented with 10% (v/v) fetal bovine serum (Hyclone,
Thermo Fisher Scientific, MA, USA), 20 I.U./mL penicillin-streptomycin
(Gibco™) and 2mM L-glutamine (Gibco™). One day before the experi-
ment, cells were harvested by 0.05% trypsin-EDTA (ethylenediamine-
tetraacetic acid) (Gibco™) and replated in CLINIcells® (Laboratoires

MABIO International, Tourcoing Cedex, France) cell culture cassettes
consisting of two 50 μm thick polycarbonate membranes enclosed in a
frame. For flow cytometry and confocal microscopy experiments, cells
were seeded at a density of 8x105 cells/mL. For confocal imaging ex-
periments, the cells were first stained using Celltrace™ Yellow (excita-
tion/emission: 546/579 nm, Thermo Fisher Scientific, Waltham, WA,
USA) according to the manufacturer's instructions, before seeding in
CLINIcells®. For the high-speed imaging experiments (see section 2.6
and 2.7.), the CLINIcells® were cut into rectangular pieces of
1 cm×8 cm. Subsequently, the pieces were submerged in a petri-dish
containing a cell suspension of 8x105 cells/mL.

2.2. Liposome and nanoparticle-loaded microbubbles

2.2.1. Microbubbles
Microbubbles were composed of DPPC (1,2-dipalmitoyl-sn-glycero-

3-phosphocholine) (Lipoid, Ludwigshafen, Germany) and DSPE-
PEG3400-biotin (1,2-distearoyl-sn-glycero-3-phosphoethanol-amine-N-
[biotinyl(polyethyleneglycol)-3400]) (Laysan Bio Inc, Arab, Alabama)
in a molar ratio of 95/5. Whenever fluorescent labeling was needed,
1mol% of the red fluorescent dye DiD (excitation/emission: 649/
670 nm) or the yellow fluorescent dye DiI (excitation/emission: 549/
565 nm, both from Molecular Probes™, Thermo Fisher Scientific,
Waltham, WA, USA) was included in the lipid film. The microbubbles
were prepared as previously described [10,24]. Appropriate amounts of
the lipids dissolved in chloroform were transferred to a round-bottom
flask. Subsequently, the chloroform was removed by evaporation. The
obtained lipid film was dissolved in a 1:2:7 glycerol-propylene glycol-
water (Sigma-Aldrich, Diegem, Belgium) mixture, resulting in a solu-
tion with a lipid concentration of 0.75mg/mL. Aliquots of this lipid
solution were transferred into 2.5mL chromatography vials, of which
the headspace was filled with C4F10 gas (F2 chemicals, Preston, UK).
Finally, microbubbles were obtained by high-speed shaking of the lipid
solution for 15 s in a Capmix™ device (3M-ESPE, Diegem, Belgium).

The microbubbles were coated with avidin to allow liposome- and
polystyrene nanosphere loading via avidin-biotin bridging (Fig. 1A).
The excess of lipids in the microbubble dispersion was first removed by
2 consecutive centrifugation steps (5 min 750 g). Afterwards, micro-
bubbles were incubated for 5min with avidin (Merck, Overijse, Bel-
gium). The excess of avidin was again removed by a double cen-
trifugation. Lastly, microbubbles were resuspended in HEPES buffer
(20mM, pH 7.4) to achieve a final concentration of 109 avidinylated
microbubbles/mL.

2.2.2. Liposomes
Liposomes containing 55mol% DPPC (dipalmitoylpho-

sphatidylcholine), 39mol% cholesterol (both Avanti Polar Lipids,
Alabama, USA), 5 mol% DSPE-PEG-biotin (1,2-distearoyl-sn-glycero-3-
phosphoethanol-amine-N-[biotinyl(polyethyleneglycol)-3400]) (Laysan
Bio Inc, Arab, Alabama, USA) and 1mol% of the green fluorescent lipid
Cholesteryl-BODIPY™ FL C12 (Molecular Probes™, Thermo Fisher
Scientific, Waltham, WA, USA) were prepared as described before [7].
In short, appropriate amounts of lipids in chloroform were transferred
to a round bottom flask. Chloroform was removed by evaporation and
HEPES buffer (20mM, pH 7.4) was used to rehydrate the lipid film,
resulting in a lipid concentration of 16mg/mL. The lipid solution was
subsequently sonicated in a bath sonicator (Branson Ultrasonics Corp,
Connecticut, USA) for 5min. Afterwards, the size distribution was de-
termined via differential light scattering on a Zetasizer Nano ZS (Mal-
vern Panalytical, Worcestershire, UK). Finally, to obtain liposome-
loaded microbubbles (Fig. 1A), 50 μL of liposome dispersion was added
to 1mL of avidinylated microbubbles and allowed to couple for 5min
before use (see 2.5–2.8).

2.2.3. Polystyrene beads
Yellow fluorescent (excitation/emission: 540/560 nm) 100 nm
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carboxylate modified polystyrene beads (named ‘nanospheres’ in the
continuation of this paper) were purchased from Thermo Fisher
Scientific (Molecular Probes™, Waltham, WA, USA). To be able to at-
tach them to the avidinylated microbubble surface, the nanospheres
were covalently coated with polyethylene glycol-biotin via amine-
coupling as described before [4]. 2 kDa biotin-PEG-amine (Creative
PEGWorks, Winston Salem, NC, USA), N-(3-dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC) (Sigma-Aldrich), and N-hy-
droxysulfosuccinimide sodium salt (sulfo-NHS) (Sigma-Aldrich) were
dissolved in HEPES Buffered Saline (HBS) (10mM HEPES (Sigma-Al-
drich), 150mM NaCl (Sigma-Aldrich)) containing 3.4mM EDTA
(Merck, Overijse, Belgium), 0.005% Tween 20 (Sigma-Aldrich) and
adjusted to pH 8). The nanospheres were added to this mixture to give

final concentrations of 4mg/mL EDC, 1.13mg/mL Sulfo-NHS, 10mg/
mL biotin-PEG-amine and 1% w/V nanospheres. The mixture was ro-
tated overnight at room temperature. The PEG-biotin modified nano-
spheres were purified by ultracentrifugation (Beckman L8-70M Ultra-
centrifuge, Beckman-Coulter, Brea, CA, USA) at 234000 g for 45min
and resuspended in HBS to obtain a concentration of 2% w/V nano-
spheres. The PEG-biotin coating was successful, since the zeta potential
of the negatively charged nanospheres increased after PEGylation, in-
dicating partial shielding of the charge by the polymer coating, as
measured with the Zetasizer Nano SZ (Malvern Panalytical, Worces-
tershire, UK). Finally, nanosphere-loaded microbubbles (Fig. 1A) were
obtained by incubating 100 μL PEG-biotin modified nanospheres with
1mL of the avidinylated microbubble suspension.

Fig. 1. (A)Schematic representation of nanosphere-loaded, liposome-loaded and unloaded microbubbles. Lipid-shelled microbubbles (MB; 1–8 μm) con-
taining DSPE-PEG-biotin were loaded with 100 nm fluorescently labeled nanospheres or 135 nm liposomes via biotin-avidin bridging (left and bottom side on panel
A, respectively). Liposome-loaded microbubbles contained two distinct fluorophores: the red fluorescent lipid DiD was incorporated in the phospholipid bubble shell
and green Cholesteryl-BODIPY™ FL C12 was inserted in the liposomes. Unloaded microbubbles had the fluorescent lipid DiI incorporated in their lipid shell to allow
fluorescence imaging (right side of figure). (B) Schematic representation of the setup for both fluorescence high-speed imaging and bright-field ultra-high-
speed imaging (top view configuration). Pieces of CLINIcell® membrane with cells were submerged in a bath containing cell culture medium at 37 °C. The
microbubbles were added just below the membrane. The focused ultrasound transducer was positioned below the CLINIcell® membrane at a 45° angle. The objective
was placed on top of the CLINIcell® membrane for imaging in top view configuration. High-speed fluorescence imaging was performed with a Photron SA2 camera,
which operated at up to 75 000 fps. The Brandaris 128 camera was used for ultra-high-speed bright-field imaging, at frame rates of 10 million fps. (C) Schematic
representation of the set-up used for confocal microscopy and flow cytometry experiments. The CLINIcell® containing cells and microbubbles was submerged
in a water bath at 37 °C. The focused ultrasound transducer was positioned below the CLINIcell® in a 45° angle. A 60× water-dipping lens was placed on top by an
objective inverter, allowing image acquisition in top view. Images were recorded by a swept field confocal microscope, which was operated at 5.7 fps. After
treatment, the cells were harvested and analyzed by flow cytometry. (D) Schematic representation of the top view and side view configuration used in
fluorescence and bright-field imaging experiments. The classical top view approach was complemented with side view imaging, to allow visualization of
nanoparticle and microbubble shell transport in the z-direction, thus towards or away from the cell layer. (E) Schematic representation of the ultrasound pulse. In
all experiments a single ultrasound pulse of 1MHz was applied, while pulse duration and peak negative pressure were varied. (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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2.3. Ultrasound equipment

Ultrasound pulses were generated by an arbitrary waveform gen-
erator (tb8026, Tabor Electronics, Tel Hanan, Israel) and amplified with
a power amplifier (50 dB, 350L, Electronics and Innovation, Rochester,
USA). The amplified electrical signals were sent to a focused, single-
element transducer with a center frequency of 1MHz (90% BW, C302,
Panametrics, Zoeterwoude, Nederland). The transducer was mounted at
the side of a water tank at a 45° angle (Fig. 1B and C). In this way,
reflections can escape the region of interest, and standing wave for-
mation is avoided. The ultrasound signals were triggered with a pulse
delay generator (575, Berkeley Nucleonics Corporation, San Rafael,
USA). All acoustic pressures reported are peak negative pressures (PNP)
as calibrated with a 0.24-mm-diameter needle hydrophone (Precision
Acoustics, Dorset, UK).

2.4. Cellular uptake of liposomes analyzed by flow cytometry

Flow cytometry measurements were performed to quantitatively
analyze the uptake of liposomes by B16F0 melanoma cells upon ap-
plying ultrasound with varying acoustic parameters. To this end, a
monolayer of non-labeled B16F0 melanoma cells grown in acoustically
transparent CLINIcells® was incubated with 20 μL dual-labeled lipo-
some-loaded microbubbles. This dual-labeling consisted of the green
fluorescent cholesteryl-BODIPY™ FL C12 dye incorporated in the lipo-
somes and the red fluorescent DiD dye included in the microbubble
lipid shell. This then allowed distinguishing between the liposomes and
the microbubble shell lipid remains during flow cytometric analysis.
The CLINIcell® was flipped to let the microbubbles rise against the cell
monolayer and it was subsequently submerged in the water tank.
Afterwards, the CLINIcell® membrane was placed in the focal point of
the ultrasound transducer as indicated by the needle hydrophone. The
set-up used to treat the cells with ultrasound is schematically re-
presented in Fig. 1B and is the same as for the confocal imaging ex-
periments (see 2.5). Due to the limited focal area of the transducer,
each of the 5 exposure areas (US treated zones) marked on the CLIN-
Icell® was scanned in a set pattern using a stepper motor. This allowed
the cells to receive, at most, one ultrasound pulse, with a center fre-
quency of 1MHz, acoustic pressure of 100, 300 or 500 kPa and a pulse
length of 10, 100 or 1000 cycles (i.e. for a total duration of 10, 100 or
1000 μs respectively). Following ultrasound exposure, the CLINIcells®

were placed back in the incubator for 30min. Next, the US treated
zones were cut out from the CLINIcells®, washed and transferred to a
well plate. After a resting period of 4h, cells were collected by trypsi-
nization. Before flow cytometric analysis, 1% SYTOX blue (flow cyto-
metry laser line: 405 nm; Molecular Probes™) was added to evaluate
cell viability. Flow cytometric data was acquired using a CytoFLEX
(Beckman Coulter Life Sciences, Indianapolis, USA) and analyzed using
FlowJo™ software.

2.5. Confocal imaging

To visualize the liposomal deposition on the cells, confocal imaging
was performed using the ultrasound set-up represented in Fig. 1B. A
monolayer of fluorescently labeled cells (see 2.1) in an acoustically
transparent CLINIcell® was incubated with 20 μL dual-labeled liposome-
loaded microbubble suspension. The cells attached to the CLINIcell®

membrane were placed in the focal points of both the ultrasound
transducer and the spinning disk confocal microscope with the aid of
the needle hydrophone. The dual-labeling allowed to differentiate be-
tween lipids from the liposomes and the microbubble shells on confocal
recordings. Moreover, SYTOX® Blue (excitation/emission maxima: 444/
480 nm; Molecular Probes™, Thermo Fisher Scientific, Waltham, WA,
USA) was added in a concentration of 200 nM. SYTOX® Blue is excluded
from cells with intact cell membranes and therefore it cannot only be
used as a viability dye in flow cytometry (see 2.4), but it is also suitable

to reveal ultrasound-induced membrane poration during live confocal
imaging. The confocal imaging was performed using a Nikon spinning-
disk confocal microscope (Yokogawa CSU-X, Nikon, Amsterdam, The
Netherlands) with a 60× water-dipping objective (NIR Apo, 1.0 NA,
Nikon). An objective inverter (LSM TECH, Wellsville, USA) was used to
position the objective on top of the CLINIcell®, enabling the observation
of microbubble-cell interactions in top view. Samples were excited with
405 nm, 488 nm, 561 nm and 640 nm lasers and the images were ac-
quired at a frame rate of 5.7 fps. Images were analyzed with Image J.

2.6. Fluorescence and bright-field high-speed imaging

To further elucidate the delivery mechanisms, high-speed imaging
experiments were performed in two configurations: i) in top view, in
which the objective is placed on top of the CLINIcell® (as in the confocal
microscopy experiments, Fig. 1C), and ii) in side view, in which the
objective was positioned orthogonally to the CLINIcell®; in this way the
cells and microbubbles could be observed from the side. A schematic
drawing of both configurations can be found in Fig. 1D. As the frame of
the CLINIcell® cassette hinders imaging in side view, the CLINIcell® was
cut into rectangular pieces of 1 cm×8 cm after which cells were seeded
on the membrane pieces (see section 2.1). Subsequently, these CLIN-
Icell® membranes with cells were submerged in a tank containing de-
gassed culture medium at 37 °C. Microbubbles loaded with yellow
fluorescent 100 nm nanospheres, or unloaded DiI-labeled microbubbles,
were added just below the CLINIcell® membrane and were allowed to
rise against the cell monolayer. Optical imaging was realized using a
fluorescence microscope equipped with a 60× water-immersion ob-
jective (LUMPlanFL, 0.9 NA, Olympus, Zoeterwoude, The Netherlands)
in case of experiments with nanosphere-loaded microbubbles and a
20× water-immersion objective (LUMPlanFL, 0.5 NA, Olympus, Zoe-
terwoude, The Netherlands) in case of experiments with unloaded mi-
crobubbles. An additional 2× magnification stage was used. Bright-
field images (illumination with KL2500LED, Schott, Mainz, Germany)
were recorded with a CCD camera (LM165M, Lumenera, Ontario, Ca-
nada). In order to simultaneously record fluorescence images, fluor-
escent labels in the sample were excited with a continuous wave laser
(5W, λ=532 nm, Cohlibri, Lightline, Osnabrück, Germany) during the
entire ultrasound exposure. The laser light was gated using an acousto-
optic modulator (AOTF.nC-VIS, AA Optoelectronic, Orsay, France).
Fluorescence recordings were acquired with a high-speed camera (SA-
X2, Photron, West Wycombe, UK), operating at a frame rate between
30 000 and 75 000 fps. A schematic representation of the high-speed
imaging setup in top view configuration is illustrated in Fig. 1C.

2.7. Bright-field ultra-high-speed imaging

Ultra-high-speed imaging was performed with the Brandaris 128
camera [25], which was mounted onto the fluorescence high-speed
imaging system (Fig. 1C). Recordings were acquired in side view con-
figuration (see Fig. 1D for a schematic drawing) at frame rates of ap-
proximately 10 million fps. Before and after ultra-high-speed imaging, a
fluorescence image was taken with the Photron camera.

2.8. Statistical analysis

Statistical analysis was performed using one-way ANOVA analysis
with a Bonferroni's multiple comparison test as calculated by GraphPad
Prism 6 software.

3. Results

3.1. Impact of acoustic pressure and pulse length on sonoprinting

Flow cytometry was used to quantify the impact of ultrasound
pressure and pulse length on sonoprinting. Fig. 2A shows a confocal
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image of dual-labeled microbubbles indicating that the liposomes
(green label) cover the whole microbubble surface (red label). The
yellow areas indicate colocalization of the green fluorescent liposomes
and the red fluorescent microbubble shell. After ultrasound exposure,
the cells were trypsinized to detach them from the CLINIcell® mem-
brane and analyzed using flow cytometry. A representative flow cyto-
metry scatter plot of the ultrasound-treated cells is shown in Fig. 2B,
demonstrating the strong correlation between the cellular delivery of
green labeled (Cholesteryl-BODIPY™ FL C12) liposomes and red labeled
(DiD) microbubble shell. This correlation indicates that both the mi-
crobubble shell lipids and the liposomes are released together from the
cavitating microbubbles and are simultaneously deposited onto the
cells. This observation is consistent with an earlier report of Lum et al.
on microbubbles loaded with nanospheres, where it was shown that
upon ultrasound exposure, the microbubble shell lipids remain asso-
ciated with the released nanoparticles [8].

Fig. 2C shows the influence of the acoustic parameters on the per-
centage of cells that were sonoprinted with liposomes and shell frag-
ments, i.e. those cells located in the upper right quadrant of Fig. 2B.
Fig. 2D represents the mean liposomal fluorescence intensity on the
cells (green dye). Both acoustic pressure and pulse length had a sig-
nificant positive impact on the percentage of cells that were sono-
printed and the amount of liposomes retrieved on the cells. Increasing
the pulse length from 100 cycles to 1000 cycle did not further increase
the proportion of sonoprinted cells but significantly increased the
fluorescence per cell, i.e. the amount of nanoparticles delivered per cell.
Cell viability was assessed for all samples using SYTOX® Blue Dead Cell
Staining. While a slight increase in cell debris was detected in the flow
cytometric scatter plot when cells were exposed to higher ultrasound
pressures and longer pulses (300 kPa, 1000 cycles and 500 kPa, 1000

cycles, data not shown), there was no significant loss in viability for all
gated cells (Supplementary Fig. 1).

3.2. Sonoprinting visualized via real-time confocal imaging

Confocal microscopy allowed visualization of the sonoprinting of
liposomes on cells in real-time, as schematically represented in Fig. 1B.
B16F0 cells were stained with CellTrace™ Yellow before seeding to vi-
sualize cell contours, while the cell medium was supplemented with
SYTOX® Blue as a marker for the formation of pores in cell membranes.
Real-time microscopy was performed to evaluate the effect of varying
acoustic pressures and pulse lengths. The average microbubble size was
3.3 ± 0.9 μm (as measured by the confocal software), which is near the
resonance size at 1MHz ultrasound.

Fig. 3 depicts some selected frames from representative confocal
recordings. Depending on the acoustic pressure and on the pulse
duration, a different behavior of the liposome-loaded microbubbles is
observed. Low pressures (100 kPa) and short pulses (10–100 cycles)
make the bubbles shrink without any visible cell poration or liposome
release, as the nuclei do not turn blue and the liposomes remain co-
localized with the microbubble shell, shown in Fig. 3B and in SM 1. This
observation is consistent with previous studies on ultrasound-induced
shedding of microbubble payloads [12,13], where no shell shedding
was observed at pressures up to 100 kPa. It was also found in earlier
work that liposome release only occurs when the relative oscillation
amplitude (ΔR/R0) of the microbubble exceeds 0.3, which could not be
achieved by 1MHz ultrasound wave at 100 kPa for this type of micro-
bubbles [14]. When the pulse duration is prolonged to 1000 cycles
while keeping a pressure of 100 kPa (SM 2), similar shrinking of the
bubbles is observed, but the microbubbles are now able to move over

Fig. 2. Impact of ultrasound pressure (100, 300 and 500 kPa) and pulse length (10, 100 and 1000 cycles; 1 cycle= 1 μs) on liposome delivery. (A) Confocal
image of green (Cholesteryl-BODIPY™ FL C12)-fluorescently labeled liposomes coupled to red (DiD)-fluorescently labeled microbubbles via avidin-biotin bridging.
The scale bar represents 5 μm. (B) Flow intensity scatter plot of the cellular uptake of liposomes (green fluorescence, vertical axis) and microbubble lipid shell (red
fluorescence, horizontal axis) after treatment with the liposome-loaded microbubbles. (C) Percentage of B16F0 cells printed with liposome and microbubble shell
lipids under varying acoustic settings (upper right quadrant in Fig. 2B). (D) Mean green fluorescence intensity of the cells resulting from the Cholesteryl-BODIPY™ FL
C12 incorporated in the liposomes, under varying acoustic settings. All experiments were performed independently on different days with a minimum of 3 replicates.
Significance levels are determined using a Bonferroni multiple comparison test: ns for P > 0.05, * for P < 0.05, ** for P < 0.01, *** for P < 0.001, **** for
P < 0.0001. (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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Fig. 3. Representative frames from confocal recordings showing microbubble response to different ultrasound settings. (A) Time diagram: confocal images
were continuously taken from 5s before ultrasound until 60s after ultrasound, at a frame rate of 5.7 fps, i.e. a recording time of 175ms per image. A single ultrasound
pulse was sent at 0s. As the duration of the ultrasound pulse is only 10, 100 or 1000 μs for a 10, 100 or 1000 cycle wave respectively, this took place in between the
recording of two successive images. (B-D) The cells were labeled with CellTrace™ Yellow, green fluorescent liposomes were attached to the red-labeled microbubble
shell. Influx of SYTOX® Blue due to cell membrane poration results in the blue staining of the nucleus. From left to right the columns show (i) the microbubbles in
close proximity to the cells 5s before ultrasound; (ii) the cells and bubbles 5s after ultrasound exposure and (iii) 60s after ultrasound exposure; (iv) liposomal
fluorescence in green and (v) microbubble lipid markers in red 60s after ultrasound exposure. In the last two frames the cell contours are represented by a white
dotted line based on the CellTrace™ Yellow fluorescence. (B) Upon exposure to a single ultrasound pulse with an acoustic pressure of 100 kPa and a pulse length of 10
cycles, the bubbles shrink without visibly releasing any material (SM 1). (C) When using higher pressures of 300 kPa while maintaining a 10 cycle pulse length,
liposomal release in the surrounding medium is observed and sonoporation occurs as the nuclei stains blue (SM 3). (D) When both the pressure and the pulse length
are increased to respectively 500 kPa and 100 cycles, the green-labeled liposomes and red-labeled microbubble shell constituents become deposited on the cell
surface (i.e. sonoprinting) (SM 4).

Fig. 4. Representative frames from confocal recordings showing the difference between sonoprinting and sonoporation within one ultrasound regime
(300 kPa, 1000 cycles; SM 6). Cells are labeled with CellTrace™ Yellow, while green (Cholesteryl-BODIPY™ FL C12) fluorescent liposomes are attached to the red
(DiD) fluorescent microbubble shell. Influx of SYTOX® Blue due to cell membrane poration results in the blue staining of the nucleus. (A) Before ultrasound, (B) 5 s
after ultrasound and (C) 60 s after ultrasound. box 1 and box 2 show cells that became sonoprinted and sonoporated, respectively.
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larger distances as a result of acoustic radiation forces. Translation due
to radiation forces can be derived from the incident ultrasound wave,
which pushes the microbubble away from the transducer in the direc-
tion of the propagating ultrasound beam (primary radiation forces). It
can also arise in the presence of a vibrating neighboring microbubble or
by reflection at a nearby wall, and results in an attractive force between
the microbubbles or between the microbubble and the wall (secondary
radiation forces) [26,27]. Translation of the microbubbles resulted in
sonoporation in this case, as evidenced by the SYTOX® Blue influx,
however, without liposome release or delivery to the cells.

Increasing the acoustic pressure (300–500 kPa) while keeping a
short pulse duration (10 cycles) leads to the release of liposomes and
shell lipids in the surrounding of the microbubbles, seen in Fig. 3C and
SM 3. Even though this often resulted in the poration of nearby cell
membranes, the bulk of the released liposomes did not enter the cells
through these pores but were merely floating in between the cells.
When applying a longer pulse (100–1000 cycles) at the same acoustic
pressure range (300–500 kPa), the microbubbles deposited the lipo-
somes in patches onto the cell membrane through sonoprinting (Fig. 3D
and SM 4), in agreement with our earlier observations [4]. Applying the
longest pulse length (1000 cycles) with the highest acoustic pressure
(500 kPa) often resulted in rupture of the cells (SM 5), indicating that it
is critical to maintain a balance between successful sonoprinting and
cell killing.

Fig. 4 shows three frames from Supplementary Movie 6, where cells
were exposed to an ultrasound pulse of 300 kPa and 1000 cycles. The
cell in box 1 was sonoprinted. As a result, liposomes and shell fragments
remain attached to the cell's surface. In box 2 the lower cell is heavily
sonoporated since the nuclei immediately turns blue due to the influx of
SYTOX® Blue. This example demonstrates that passive influx of a small
dye like SYTOX® Blue does not directly correlate with the delivery of
nanoparticles or in other words, that sonoporation and sonoprinting are
two distinct phenomena.

Whenever poration occurs, it is clear that the intracellular
CellTrace™ Yellow signal changes, which is clearly visible in Fig. 4C
(60 s after ultrasound) and SM 6. CellTrace™ Yellow fluorescence arises
from covalent binding of this dye to free amino-groups, present on the
cell surface and in the cellular cytoplasm. The mechanisms responsible
for this change in CellTrace™ signal are unclear, but it appears that the
CellTrace™ Yellow clusters within the cytoplasm after sonoporation,
possibly as a result of a rearrangement of the actin and tubulin cytos-
keleton, as reported before [28–30]. We also observed the growth of
cellular blebs at the poration sites (data not shown) which are thought
to be part of cellular repair mechanisms, in agreement with the study by
Yu et al. [31].

The results presented in Figs. 3 and 4 clearly indicate that liposome-
loaded microbubbles are able to sonoprint liposomes onto cell mem-
branes and that both acoustic pressure and pulse length have a strong
impact. The confocal data also confirm that liposomes and microbubble
shell fragments end up in the same location and are therefore released
and printed together, in agreement with the flow cytometry data (sec-
tion 3.1). However, the rather low frame rate of confocal microscopy
(5.7 fps in this case), does not allow the visualization of the liposomal
release process or of any detailed interactions between microbubbles
and cells. The microbubble-cell interactions responsible for the de-
position of the nanoparticles on the cell membranes (sonoprinting)
were therefore further investigated using high-speed imaging techni-
ques.

3.3. Release of nanoparticles from oscillating microbubbles as seen with
bright-field ultra-high-speed imaging

The Brandaris 128 camera was operated at a frame rate of ap-
proximately 10 million fps and is capable of resolving microbubble
oscillations at the nanoseconds timescale. This allowed us to capture
the microbubble behavior that ultimately leads to nanoparticle release.

Fig. 5. Ultra-high-speed imaging of microbubble oscillations that lead to nanosphere release (side view imaging, Movie 1). (A) Time diagram: bright-field
imaging was performed with the Brandaris camera, operating at a frame rate of 10.5 million fps (i.e. a recording time of 0.1 μs per image) during the initial 12 μs of
the ultrasound pulse. The ultrasound pulse was sent at 0 μs and had a total duration of 100 cycles, i.e. 100 μs, at an acoustic pressure of 300 kPa. A fluorescence image
was acquired before and after bright-field imaging. The total recording can be found in Movie 1. (B) The microbubbles exhibit non-spherical oscillations with
repeated gas core coalescence and fragmentation, while they translate towards and along the CLINIcell® membrane. The fluorescence images show the localization of
the fluorescent nanospheres before and after ultrasound, and indicate that the microbubbles released their nanospheres during microbubble cavitation. (C) Schematic
drawing of the events in the recording. During bright-field imaging, the nanosphere fluorescence was no longer visible. The final fluorescence image confirmed
however, that the nanoparticles had been released within these initial 12 cycles (12 μs) of ultrasound.
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Bright-field images were acquired in a side view configuration
(Fig. 1D), in which the objective was positioned orthogonally to the
CLINIcell® membrane; in this way the cells and microbubbles could be
observed from the side. This side view approach has previously been
used to reveal the non-spherical nature of microbubble oscillations that
were concealed in traditional top view imaging [32]. Here, micro-
bubbles were loaded with biotinylated (yellow) fluorescent polystyrene
beads of 100 nm (nanospheres) as they provide higher fluorescence
intensities than fluorescent liposomes (Supplementary Fig. 2B), which
enabled us to track the nanoparticles during high speed fluorescence
imaging. In our earlier work [4] we showed that such fluorescent na-
nospheres behave similarly to fluorescent liposomes i.e. that both are
printed on cells under the same ultrasound parameters. Note that in the
high-speed imaging experiments described below, the microbubble
shell lipids themselves were not individually fluorescently labeled. A
fluorescence image was captured before and after bright-field imaging
to visualize the release of the nanospheres.

A typical example is depicted in Movie 1 (available in the electronic
version of this manuscript) and in Fig. 5. The fluorescence image before
ultrasound exposure (Fig. 5B, first frame) shows four nanosphere-
loaded microbubbles. When ultrasound (300 kPa acoustic pressure, 100
cycles pulse length) is turned on at t= 0 μs, the microbubbles start to
oscillate non-spherically, which is characterized by the elongated shape
oscillations of the microbubbles. The radial expansions and contrac-
tions are more pronounced for microbubble 1, which is most likely
closer to resonance. Microbubble 1 and 2 move towards each other due
to secondary radiation force until they coalesce at t= 5.5 μs. Subse-
quently, the merged microbubbles repeatedly fragment and coalesce
again, while moving towards and along the CLINIcell® membrane. Si-
milar microbubble behavior is observed for microbubble 3. The mi-
crobubble oscillations are non-spherical due to the vicinity of a stiff
boundary (i.e. the supporting membrane) [16,26,33,34]. This is in
agreement with a study by Vos et al. [32] who observed very similar
phenomena when looking at the oscillations of microbubbles near a
polymer membrane in side view. The fluorescence image after the in-
itial 12 μs of ultrasound exposure (Fig. 5B, last frame) demonstrates
that microbubble 1, 2 and 3 have released their nanospheres. This
confirms our earlier observation that nanoparticles are released to-
gether with microbubble shell lipids and that this occurs during the
initial cycles of microbubble cavitation. Due to the limited data storage
capacity of the Brandaris camera, it was only capable of capturing the
first 12 μs of the ultrasound exposure, albeit at high resolution (i.e. 100
ns). High-speed fluorescence imaging was required to image over
longer time periods in order to understand how the nanoparticles are
subsequently transported and deposited on the cell membrane, as will
be discussed in the following section.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.biomaterials.2019.119250.

3.4. Transport of released nanoparticles and shell lipids studied with
fluorescence and bright-field high-speed imaging

As shown below, high-speed fluorescence imaging at frame rates of
30 000 to 75 000 fps (i.e. 13–30 μs exposure time per image) allows to
bridge the gap between the confocal (3.2) and Brandaris (3.3) record-
ings. This allowed us to detect the release of nanospheres from nano-
sphere-loaded microbubbles and to track their subsequent convective
transport and delivery to cells. Additionally, these experiments were
also performed with lipid-shelled microbubbles that did not carry na-
nospheres to verify the influence of nanoparticle loading on micro-
bubble shell release and transport mechanisms. In this case the (yellow)
fluorescent dye was directly incorporated in the lipid shell
(Supplementary Fig. 2A). As cellular stainings are not bright enough to
allow fast fluorescence imaging, simultaneous and overlaid bright-field
imaging was used to visualize the cells attached to the CLINIcell®

membrane. Bright-field illumination also allowed the detection of the

‘naked’ microbubble gas core after loss of its shell.
Fluorescence and bright-field imaging was performed in two dif-

ferent configurations (Fig. 1D): in top view, in which the objective is
placed on top of the CLINIcell®, similar to the confocal microscopy
experiments, and in side view, similar to the ultra-high-speed imaging
experiments. Here, the side view set-up allowed us to study nanosphere
and microbubble shell transport in the z-direction, thus towards or
away from the cell layer. Our observations can be classified as follows:
i) no release of nanospheres or shell lipids, ii) release and transport due
to microstreaming around the oscillating microbubbles and iii) release
and transport due to both microstreaming and translation of the gas
core due to acoustic radiation forces, resulting in sonoprinting.

3.4.1. Transport of nanospheres and shell lipids via microstreaming
At the lowest acoustic pressure (100 kPa), many nanosphere-loaded

microbubbles did not release the nanospheres, while the majority of
unloaded microbubbles did release their lipid shell. This effect is likely
due to the increased damping experienced by nanoparticle-loaded mi-
crobubbles [23]. As a result, the pressure required to reach the relative
oscillation threshold of ~0.3 [13,14] for bubble shedding is lower for
unloaded bubbles. In most cases, at 100 kPa, shell lipids from unloaded
microbubbles are transported away from the microbubble gas core by
streaming. A typical example of this is shown in Supplementary Fig. 3
(and SM 7) where two unloaded microbubbles are exposed to an ul-
trasound pulse of 100 kPa for 1000 cycles. The transport of microbubble
shell lipids away from the CLINIcell® membrane is caused by micro-
streaming, a flow pattern consisting of vortical flow structures sur-
rounding an oscillating microbubble [13,17,35]. In recent studies
[12,13], the link between non-spherical oscillations and micro-
streaming for (unloaded) micron-sized bubbles was demonstrated. The
authors calculated that this type of streaming can reach velocities up to
0.1 m/s, for the typical acoustic pressures used [13,26]. The studies also
provided evidence that microstreaming transported the released mi-
crobubble shell lipids away from the membrane that supports the
bubbles. While those experiments were performed on microbubbles
floating against a supporting membrane in the absence of cells, our
observations suggest that similar streaming patterns occur in the pre-
sence of cells attached to the membrane.

Microstreaming-induced transport away from the supporting
membrane, as schematically shown in Fig. 6C, was also observed for
nanosphere-loaded microbubbles, although they needed to be driven at
higher pressures (300 and 500 kPa). As mentioned before, it has been
reported that microbubble loading reduces the oscillation amplitude
[14,23]. Thus, it is also expected that nanoparticle-loaded micro-
bubbles generate less microstreaming than unloaded microbubbles
when driven at the same acoustic pressure. Movie 2 (electronic version
only) and Fig. 6 depict an example of nanoparticle transport when
microstreaming arises around cavitating nanosphere-loaded micro-
bubbles. Upon exposure to a 100-cycle ultrasound pulse of 300 kPa,
both microbubbles release their fluorescent nanosphere payload, which
is subsequently transported away from the gas core.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.biomaterials.2019.119250.

3.4.2. Transport of nanospheres and shell lipids along with translating
microbubble gas core

The high-speed recordings revealed a second transport mechanism,
in which the released shell lipids and nanospheres were taken along
with the gas core that is translating under the influence of acoustic
radiation forces. Importantly, we observed that this transport me-
chanism resulted in the deposition of the microbubble shell lipids and
nanospheres in patches onto the cell membranes, as typically observed
in sonoprinting (Fig. 3 panel D).

An example can be seen in Fig. 7A and B, based on Movie 3 (elec-
tronic version only), where a nanosphere-loaded microbubble is ex-
posed to an ultrasound pulse of 100 cycles with an acoustic pressure of
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500 kPa. The free gas core moves out of the field of view rapidly
(Fig. 7B, t= 19 μs, direction of movement indicated with dashed
arrow). The nanospheres are dragged along by the gas core (yellow
circle) for several tens of micrometers and are deposited in an elongated
patch onto the cell. This was also observed very clearly in top view
configuration in Movie 4 (electronic version only) and Fig. 7C and D.
Upon exposure to a 1000-cycle ultrasound pulse of 300 kPa, the gas
cores of two nanosphere-loaded microbubbles translate towards each
other due to secondary radiation force (t= 187 μs – 240 μs, dashed
arrows). While translating, the released nanospheres are dragged along
in the wake of the microbubble. At t= 347 μs, the two gas cores coa-
lesce into one larger bubble (dashed circle), which translates further in
the subsequent frames.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.biomaterials.2019.119250

This transport mechanism is dominant at higher acoustic pressures
(300 kPa and 500 kPa). Translation of the microbubble gas core, driven
by radiation forces, can reach velocities of the order of meters per
second [16,36]. Nanospheres in the microbubble surroundings, can be
dragged along in the wake of the translating gas core and be deposited
onto the cells. As the effect of radiation forces become increasingly
important with ultrasound pressure and pulse length [36,37], the mi-
crobubble gas cores travel over longer distances and transport the re-
leased material over larger distances.

This particle transport induced by microbubble translation was also
observed with unloaded, lipid-shelled microbubbles, of which an ex-
ample is presented in Supplementary Fig. 4 and Supplementary Movie
8.

3.4.3. The parameter space that results in sonoprinting
To visualize the occurrence of the transport mechanisms depending

on the ultrasound parameters, the recorded events were counted and
classified in the aforementioned categories and the results are displayed
in Fig. 8A and B. For each acoustic setting, at least 10 events were
recorded. The main mechanisms were subsequently plotted against the
ultrasound parameters tested to reveal the governing mechanisms for

each type of microbubble under these ultrasound settings (Fig. 8C and
D).

In general, the same transport mechanisms were observed for un-
loaded and nanosphere-loaded microbubbles. When the acoustic pres-
sure is low (100 kPa), unloaded microbubbles cavitate stably, which
results in microstreaming around the cavitating microbubbles and the
subsequent transport of released shell lipids away from the cells. In
contrast, at the same pressure, only half of the nanoparticle-loaded
microbubbles release their cargo. At a pressure of 300 kPa, loaded mi-
crobubbles also generate significant microstreaming. For nanosphere-
loaded as well as unloaded microbubbles, higher acoustic pressures
(500 kPa) and longer pulse lengths bring the probability of transport
along with the gas core, resulting in sonoprinting, to 100%. Fig. 8C and
D were obtained by linearly interpolating the data of figure Fig. 8A and
B and provide a clearer interpretation of the experimental data. Fig. 8C
and D particularly emphasize the differences between both types of
microbubbles and show that streaming is much more easily achieved
for unloaded microbubbles. In contrast, loaded microbubbles only start
responding at higher acoustic settings.

4. Discussion

The aim of this paper is to unravel the biophysical phenomena that
play a role in the delivery of nanoparticles to cells from nanoparticle-
loaded microbubbles exposed to ultrasound. Flow cytometry experi-
ments revealed a clear dependence of acoustic pressure and pulse
length on the occurrence of sonoprinting. We observed that both the
acoustic pressure (> 300 kPa) and pulse duration (> 100 cycles)
should be sufficiently high to achieve successful sonoprinting of nano-
spheres onto cell membranes. It has been reported that short ultrasound
pulses, at sufficiently high acoustic pressures, are already sufficient to
improve the cellular uptake of small molecules such as propidium io-
dide through sonoporation [38–40]. In contrast, in many drug delivery
studies using ultrasound and nanoparticles as well as in most in vivo
studies, improved cellular delivery was reached only when sufficiently
long ultrasound pulses were applied [4,19–21,41–43], suggesting a

Fig. 6. Transport of nanospheres via microstreaming (side view imaging, Movie 2). (A) Time diagram: simultaneous bright-field and fluorescence imaging was
performed at a frame rate of 54 000 fps (i.e. a recording time of 19 μs per image) until 1444 μs after the onset of the ultrasound pulse. The ultrasound pulse was sent
at 0 μs and had a total duration of 100 cycles, i.e. 100 μs, at an acoustic pressure of 300 kPa. The total recording can be found in Movie 2. (B) Upon ultrasound
exposure, the microbubbles release the fluorescent nanospheres after which they are transported away from the gas cores by microstreaming (circle). The gas cores
(dashed arrow) move out of focus and translate towards and along the CLINIcell® membrane. (C) Schematic drawing of the events in the recording.
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possible role for sonoprinting.
To thoroughly understand which biophysical interactions contribute

to sonoprinting, we combined a range of optical imaging techniques.
Real-time confocal imaging showed that, starting from acoustic pres-
sures of 300 kPa and pulse lengths of 100 cycles, local deposition of
nanoparticles and bubble shell material on the surface of cells can be
achieved. Subsequently, ultra-high-speed bright-field imaging resolved
the microbubble oscillations and the release of nanoparticles from the
microbubbles during the initial cycles of ultrasound exposure. In the
following cycles of ultrasound insonation, the released nanoparticles
were transported in the medium surrounding the microbubbles, as
captured by high-speed fluorescence imaging. By combining these
imaging methods, the sequence of events that results in sonoprinting
could be reconstructed, as schematically summarized in Fig. 9.

It was suggested that microstreaming arising from oscillating mi-
crobubbles, could enhance liquid mixing and convective transport and

in this way stimulate drug delivery [15,16]. However, while in litera-
ture different microstreaming patterns were reported [26,35], here we
only observed streaming transport away from the cell layer, which is
disadvantageous for drug delivery. Nonetheless, in the continuation of
the ultrasound pulse, a second transport mechanism occurred where the
gas core dragged nanoparticles in its wake as it translates rapidly,
which resulted in the deposition of patches of these nanoparticles on
the cell membranes, and which now explains the mechanism of sono-
printing [4]. This rapid translation of the microbubble cores is due to
primary and secondary radiation forces that result in a net attractive
force between microbubbles and cause microbubbles in close vicinity to
move towards each other [44], thereby facilitating nanoparticle de-
position (see Movie 4). Translation due to primary and secondary ra-
diation forces becomes more pronounced when longer ultrasound cy-
cles are used [8,45,46]. Thus, the longer cycles used in this study are
most likely responsible for the prolonged gas core movements leading

Fig. 7. Transport of nanospheres together with the translating microbubble gas core observed in side view (A,B, Movie 3) and top view (C,D, Movie 4). (A)
Time diagram: simultaneous bright-field and fluorescence imaging was performed in side view at a frame rate of 54 000 fps (i.e. a recording time of 19 μs per image)
until 1444 μs after the onset of the ultrasound pulse. The ultrasound pulse was sent at 0 μs and had a total duration of 100 cycles, i.e. 100 μs, at an acoustic pressure of
500 kPa. The total recording can be found in Movie 3. (B) The microbubble gas core translates out of the field of view (dashed arrow), while dragging along the
released nanospheres for several micrometers and depositing them onto the cell (circles). (C) Time diagram: simultaneous bright-field and fluorescence imaging was
performed in top view at a frame rate of 54 000 fps (i.e. a recording time of 19 μs per image) until 1573 μs after the onset of the ultrasound pulse. The ultrasound
pulse was sent at 0 μs and had a total duration of 1000 cycles, i.e. 1000 μs, at an acoustic pressure of 300 kPa. The total recording can be found in Movie 4. (D) The
gas cores of two nanosphere-loaded microbubbles are attracted towards each other as a result of secondary radiation force (dashed arrows). Meanwhile, the released
nanospheres are dragged along over several micrometers. Eventually, the two gas cores coalesce into one (dashed circle) which further translates. (E) Schematic
drawing of the events in the two recordings.

Fig. 8. Influence of acoustic settings (i.e. pressure
and pulse length) on the mechanisms involved in
nanosphere and microbubble lipid shell trans-
port. High-speed fluorescence recordings were ac-
quired when unloaded microbubbles (left) or na-
noparticle-loaded microbubbles (right) were
exposed to varying acoustic pressures (100, 300,
500 kPa) and pulse lengths (10, 100, 1000 cycles). A
&B: Events were counted and classified into the fol-
lowing categories: no release (red); transport via
microstreaming (blue); transport due to dragging by
the translating microbubble gas core which results in
sonoprinting (green). For each acoustic condition, at
least 10 events were recorded. C&D: Linear inter-
polation from the data in figure A&B, showing the
dominant transport mechanisms for each acoustic
setting. The numbers indicate the probability (in %)
of the mechanism to occur under the given ultra-
sound parameters. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the Web version of this article.)
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to sonoprinting.
A crucial aspect for the occurrence of secondary radiation forces is

the distance between microbubbles and, thus, the microbubble con-
centration [37]. In this work, we did not investigate the effect of mi-
crobubble concentration on the occurrence of sonoprinting, since the
microbubble concentration was kept constant throughout the experi-
ments. However, we hypothesize that for sonoprinting to occur in vivo,
it might be beneficial to retain microbubbles at the target site, in order
to ensure close enough contact between microbubbles to elicit sec-
ondary radiation forces. This can be done in several ways: either via
specific ligands that bind receptor molecules on the endothelial cells
[47,48], via external physical forces such as magnetic retention [42], or
via primary radiation forces whereby microbubbles can be pushed to-
wards the distal vessel wall, i.e. in the propagation direction of pro-
pagation of the ultrasound beam, over the course of several ultrasound
cycles [49]. Close contact is not only important between microbubbles
themselves, but also between microbubbles and cells, since the released

shell material is typically transported over a few to tens of micrometers.
Close microbubble-cell contact can be obtained by using targeted mi-
crobubbles [22,40,50]. In this study, the microbubbles were non-tar-
geted, yet close contact was ensured by allowing the microbubbles to
rise to the cell layer surface, although the microbubbles were still able
to move freely. Previous work by Kokhuis et al. showed that micro-
bubbles that are attached to a surface via antibody targeting, can still
attract each other through secondary radiation and free themselves
from the underlying surface as a result [51]. Nevertheless, the effect of
targeting on the processes occurring in sonoprinting remains an open
question.

By comparing the microbubble-cell interactions between unloaded
and loaded microbubbles, we confirmed that higher acoustic pressures
are required to induce microbubble shell shedding from nanoparticle-
loaded microbubbles. Microbubble loading effectively leads to a higher
shell viscosity and as such, higher acoustic pressures are required to
overcome the relative oscillation threshold for microbubble shell

Fig. 9. Schematic representation of the sequence of events that result in the deposition of nanospheres from microbubbles in patches onto the cells
(sonoprinting). To elucidate the involved phenomena, three imaging techniques were used, each revealing aspects on a different timescale.
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release [14]. Therefore, it is important to consider the effect of micro-
bubble and nanoparticle characteristics on the acoustic response of the
nanoparticle-microbubble complex. Additionally, the presence of a
rigid membrane such as the one used in this study as the support for
cells and microbubbles, can strongly influence microbubble behavior
[12,34,52]. Such acoustically rigid structures are however not present
in vivo. As a result, it will be crucial to validate our findings in a more in
vivo-like setting in future experiments [53].

It is expected that the acoustic settings used in the present study, are
not readily translatable to an in vivo situation. Most likely a higher
pressure will be required in vivo due to absorption and scattering of the
ultrasound [54]. In addition, since microbubbles will flow into the
target region over time, the application of a series of pulses is expected
to induce a higher degree of sonoprinting as compared to the single
pulse approach of the present study. Finally, we foresee that the use of
monodisperse (in size) microbubbles might require lower acoustic
pressures and lower microbubble concentrations to provide similar
sonoprinting rates [55–57]. After all, microbubbles that are close to
their resonance size, will show a maximum response to the incoming
ultrasound wave, both in terms of streaming and translation by acoustic
radiation forces [14,16]. In this way, monodispersity would provide
better control over the potential toxic side effects as well [57]. Ad-
ditionally, a recent study by Carugo et al. [58] showed that the lipid
composition of the microbubble shell has an effect on lipid transfer
from these shell components to cell membranes. Therefore both mi-
crobubble-related parameters, as well as acoustic parameters, can be
important consideration factors when choosing the appropriate ultra-
sound regime for drug delivery with limited toxicity.

5. Conclusion

Quantitative flow analysis showed that sonoprinting resulted in the
delivery of large amounts of nanoparticles to cells when ultrasound
pressures of 300 kPa and ultrasound pulse lengths of more than 100
cycles are applied. By combining this information obtained with three
imaging techniques, each operating at a different timescale, we were
able to elucidate the microbubble-cell interactions involved in drug
delivery with nanoparticle-loaded microbubbles in an in vitro setting.
The recordings revealed that microstreaming transported the released
nanoparticles away from the cells. In contrast, when using higher
acoustic pressures and longer ultrasound pulses, the released nano-
particles were dragged along with the translating microbubble gas core
and were eventually deposited in patches onto the cell membranes.
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