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A B S T R A C T   

Sonoporation is the process where intracellular drug delivery is facilitated by ultrasound-driven microbubble 
oscillations. Several mechanisms have been proposed to relate microbubble dynamics to sonoporation including 
shear and normal stress. The present work aims to gain insight into the role of microbubble size on sonoporation 
and thereby into the relevant mechanism(s) of sonoporation. To this end, we measured the sonoporation effi-
ciency while varying microbubble size using monodisperse microbubble suspensions. Sonoporation experiments 
were performed in vitro on cell monolayers using a single ultrasound pulse with a fixed frequency of 1 MHz while 
the acoustic pressure amplitude and pulse length were varied at 250, 500, and 750 kPa, and 10, 100, and 1000 
cycles, respectively. Sonoporation efficiency was quantified using flow cytometry by measuring the FITC-dextran 
(4 kDa and 2 MDa) fluorescence intensity in 10,000 cells per experiment to average out inherent variations in the 
bioresponse. Using ultra-high-speed imaging at 10 million frames per second, we demonstrate that the bubble 
oscillation amplitude is nearly independent of the equilibrium bubble radius at acoustic pressure amplitudes that 
induce sonoporation (≥ 500 kPa). However, we show that sonoporation efficiency is strongly dependent on the 
equilibrium bubble size and that under all explored driving conditions most efficiently induced by bubbles with a 
radius of 4.7 μm. Polydisperse microbubbles with a typical ultrasound contrast agent size distribution perform 
almost an order of magnitude lower in terms of sonoporation efficiency than the 4.7-μm bubbles. We elucidate 
that for our system shear stress is highly unlikely the mechanism of action. By contrast, we show that sonopo-
ration efficiency correlates well with an estimate of the bubble-induced normal stress.   

1. Introduction 

Ultrasound-driven volumetric microbubble oscillations can induce 
transient cell membrane permeabilization enabling the otherwise 
obstructed transmembrane delivery of novel therapeutics such as gene 
constructs, antibodies, and nanomedicines directly to the cytoplasm of 
living cells [1–4]. In this emerging therapeutic paradigm, controlled 
uptake by sonoporation is facilitated by intravenously injected micro-
bubbles. Besides their therapeutic effect, ultrasound-driven micro-
bubbles produce a strong nonlinear echo that allows concurrent 
diagnostic ultrasound imaging of their location and cavitation activity 

[5]. As such, microbubbles may become theranostic tools enabling 
spatiotemporally-controlled drug and gene delivery via sonoporation. 

Over the past decades, several mechanisms of sonoporation have 
been proposed. These include oscillatory normal stress due to (i) the 
mechanical palpation and invagination of the microbubble wall on the 
cell membrane [6,7], and (ii) due to the primary and secondary acoustic 
radiation forces [1,8]. Considerable attention has also been given to (iii) 
shear stress due to both steady and non-steady bubble-induced fluid 
microstreaming [9–13]. Additionally, sonoporation can be induced by 
(iv) high-speed fluid microjets (O (100) m/s) generated by the inertial 
collapse of a bubble [14–16]. Due to the complexity of the coupled 
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physics, biophysics, and biology of sonoporation, the relevance of the 
proposed mechanisms and their dependence on bubble dynamics remain 
poorly understood [17,18]. So far and irrespective of the underlying 
mechanisms, sonoporation has often been thought to be governed by the 
bubble oscillation amplitude [11,19,20] where low oscillation ampli-
tudes can be insufficient to induce sonoporation while high amplitudes 
can induce cell death and tissue damage [21]. 

The oscillation amplitude of a microbubble is mainly governed by 
the combination of the bubble radius R0 and the ultrasound driving 
frequency and acoustic pressure [23]. At acoustic pressure amplitudes 
typically lower than those used to induce sonoporation (≤ 150 kPa), 
bubble dynamics is governed by a resonance behavior (black curve in 
Fig. 1) with the characteristic Minnaert resonance frequency f0 extracted 
from f0⋅R0 ≈ 3.3 μm ⋅ MHz [24]. At higher acoustic pressure amplitudes, 
the bubble dynamics becomes highly nonlinear and less governed by 
resonance. This is demonstrated by Rayleigh-Plesset type modeling of a 
coated bubble driven by 1-MHz ultrasound, which predicts a very 
similar amplitude of oscillation for bubbles with radii ranging from 2 to 
8 μm when the acoustic pressure amplitude is 250 kPa or higher, see 
Fig. 1 [22]. Quantification of the sonoporation efficiency of micro-
bubbles of a different size but oscillating at a similar amplitude of 
oscillation may gain insight into the relevant mechanisms of sonopora-
tion. The aim of the present work is therefore to address the question: 
what is the dependence of sonoporation efficiency on the microbubble 
size? 

Hitherto, only polydisperse ultrasound contrast agent (UCA) micro-
bubbles have been used for sonoporation, which were designed more 
than three decades ago for diagnostic organ perfusion imaging [25]. The 
radii of UCA bubbles typically range from 0.5 to 5 μm. Conversely, 
monodisperse microbubbles can be formed by microfluidic flow- 
focusing [26–29]. In a flow focusing device, a gas thread is focused 
between a liquid co-flow through a narrow orifice where it pinches off to 
release monodisperse bubbles. Recent advances in lipid-coated bubble 
production by flow-focusing allow the formation of size-controlled and 
highly stable monodisperse microbubble suspensions [29–36]. 

Besides the ultrasound frequency and pressure, the driving pulse 
length is also a control parameter in sonoporation therapy. A wide range 
of pulse lengths have been employed to induce sonoporation, i.e., from a 
single pulse of a few acoustic cycles [11,20,37] to many repetitions of 
pulses containing thousands of cycles [38–42]. In in vitro sonoporation 
experiments on cell monolayer substrates, microbubbles driven by long 

ultrasound pulses will cluster due to the acoustic secondary radiation 
force [43]. Such clustering directly affects the oscillation dynamics of 
the bubbles [44]. Ultrasound-driven bubble oscillations during pro-
longed insonation are also most likely affected by bubble size changes, e. 
g., growth due to bubble coalescence, by rectified diffusion, or dissolu-
tion [45,46]. Furthermore, bubble dissolution during the time between 
two successive insonation pulses will most likely be enhanced by lipid 
shedding during the previous driving pulse [47–49]. Thus, correlating 
sonoporation efficiency to microbubble size and the corresponding 
microbubble dynamics requires the use of single ultrasound driving 
pulses ideally with a limited number of cycles. 

Sonoporation efficiency can be measured by quantifying the fluo-
rescence intensity of a model drug diffused into cells post ultrasound 
treatment [50,51]. To this end, two experimental approaches exist. First, 
optical (confocal) microscopy can be used. It can furthermore be com-
bined with ultra-high-speed imaging to simultaneously characterize the 
bubble dynamics and its effect on a nearby cell layer [6,11,19,52–54]. 
However, data are typically sparse and scattered and largely inconclu-
sive because bubble-cell interactions are prone to a large variability, 
owing to the cell biology statistics itself and, potentially, to the local 
positioning of the bubble with respect to the target cell. Also, in confocal 
imaging, the number of cells that can be characterized is limited to 
O (100) per study due to the delicate and time consuming nature of the 
experiments. The second approach, which is followed in the present 
work, is flow cytometry. Flow cytometry can discriminate drug uptake 
through sonoporation from that by endocytosis (internalization of 
membrane vesicles) [39,55]. The major advantage of flow cytometry is 
that it can be used to measure the fluorescence intensity of thousands of 
cells within minutes. Thereby, flow cytometry has great potential for 
mechanistic sonoporation studies, in combination with monodisperse 
bubbles with a uniform acoustic response, to average out the inherent 
variations in bubble-cell interactions. 

In this work, we combine the use of monodisperse microbubble 
suspensions, flow cytometry, and ultra-high-speed imaging at 10 million 
frames per second, to reveal the dependence of sonoporation efficiency 
on microbubble size and the resulting bubble dynamics. Furthermore, 
the sonoporation results are compared to those obtained with a poly-
disperse bubble suspension. Thereby, we aim to gain further insight into 
the mechanisms of sonoporation. The paper is organized as follows. We 
start by describing the materials employed for bubble production and 
cell cultures, and the methods to quantify sonoporation efficiency. 
Subsequently, we present our results and discussions. Finally, we discuss 
potential mechanisms of sonoporation by comparing their scaling 
behavior with bubble size to the measured sonoporation efficiency. We 
end the paper with conclusions. 

2. Materials and methods 

2.1. Microbubble formation and characterization 

Monodisperse microbubble suspensions were produced using the 
flow-focusing device shown in Fig. 2A, which is described in detail in 
[56]. The gas and liquid flows were controlled using pressure and mass- 
flow controllers [57]. The temperature during bubble formation was 
kept at 60 ◦C to minimize bubble coalescence in the outlet of the flow- 
focusing device [35]. The lipid coating material comprised DSPC 
mixed with DPPE-PEG5000 at a 9:1 molar ratio (Corden Pharma, Liestal, 
Switzerland). The total lipid concentration was 12.5 mg per mL of air- 
saturated Isoton (Beckman Coulter Life Sciences, Indianapolis, IN, 
USA). The lipid dispersion was prepared exactly as described by [34]. 
The freshly formed bubbles were initially filled with a gas mixture of 15 
v% C4F10 in CO2 (v/v) to minimize foam formation [36] through Ost-
wald ripening [33]. The size distributions (Fig. 2B) were characterized 
using a Coulter Counter (Beckman Coulter Life Sciences, Indianapolis, 
IN, USA). 

The employed polydisperse bubble suspension (Fig. 2B) was 

Fig. 1. Modeled oscillation amplitude 〈Rε〉 =
1
2 (Rmax − Rmin) averaged over the 

16 cycles of the employed 1 MHz driving pulse, of which the pressure amplitude 
was varied at 100, 250, 500, and 750 kPa. The results were obtained by solving 
a Rayleigh-Plesset type model for a coated bubble [22] using a typical shell 
properties (shell stiffness of 0.5 N/m, shell viscosity of 1× 10-8 kg/s, and initial 
surface tension of 20 mN/m). Note that the characteristic resonance behavior of 
a microbubble (black curve) disappears when the acoustic driving pressure 
amplitude is increased beyond 100 kPa. 
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produced using the same lipid mixture, only diluted 20 times using 
Isoton (0.63 mg/mL) to a typical concentration that can be used to form 
polydisperse bubbles by mechanical agitation using a Capmix device 
(3M-ESPE, Diegem, Belgium). To this end, 1 mL of lipid mixture con-
tained in a 2 mL vial with a pure C4F10 headspace was mechanically 
agitated for 15 s. 

The microbubble suspensions were highly diluted in an air-saturated 
cell medium kept at a temperature of 37 ◦C for approximately 7 mins 
before being insonified in the sonoporation experiments, which may 
affect their size distribution. Therefore, microbubble stability in cell 
medium was characterized over time. To this end, narrowband (30 cy-
cles) attenuation curves were measured as described in [58], once per 
minute for a total duration of 16 mins at a peak negative acoustic 
pressure amplitude of 50 kPa. It was found that, during the entire 16 
mins, the frequency of maximum attenuation (microbubble resonance 
frequency) did not change for bubbles in cell medium at 37 ◦C (Fig. 2C) 
demonstrating their size and acoustic stability over the course of the 
sonoporation experiments (prior to insonation). 

2.2. Cell culture 

Bowes Lung Metastases (BLM) 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 with Nutrient Mixture 
F12 (Gibco, Merelbeke, Belgium), supplemented with 10% (v/v) fetal 
bovine serum (FBS) (Hyclone, Thermo Scientific, MA, USA), 20 U/mL 
penicillin–streptomycin (Gibco, Merelbeke, Belgium), 2 mM L-glutamine 
(Gibco, Merelbeke, Belgium) and 10 mM HEPES (4-(2-hydroxyethyl)-1- 
piperazineethanesulfonic acid) (Sigma-Aldrich, Diegem, Belgium). The 
viscosity of the cell medium was 1 mPa⋅s (37 ◦C) [59]. One day before 
the experiment, cells were harvested by 0.05% trypsin-EDTA (Ethyl-
enediaminetetraacetic acid) (Gibco, Merelbeke, Belgium) and reseeded 
in Lumox dishes (Sarstedt AG & Co. KG, Nümbrecht, Germany) at a 
density of 5× 105 cells per Lumox dish, reaching confluency after 24 h. 

2.3. Sonoporation efficiency characterization 

The Lumox dishes were sealed with an ultrasound-transparent film 
mounted within a 3D-printed lid. Subsequently, the cell medium was 
replaced by a mixture of cell-medium, microbubbles, and (fluorescein 
isothiocyanate)-dextrans (FITC-dextrans)(Sigma-Aldrich, Diegem, 

Belgium, excitation/emission maxima: 490/520 nm, resp.) with a mo-
lecular weight of 4 kDa or 2 MDa (estimated radius of 1.23 nm and 
32.78 nm, resp. [60]), to discriminate between small and large pore 
formation. The FITC-dextran concentrations were 0.25 mg/mL and 5 
mg/mL, for the 4 kDa or 2 MDa molecular weights, respectively. The 
microbubbles were diluted to approximately 1 bubble per 15 cells 
(Fig. 2D) to minimize ultrasound-induced bubble-bubble interactions, 
which are beyond the scope of this study. After microbubble injection, 
the dish was turned upside-down and placed in a temperature controlled 
(37 ◦C) incubator for 5 min to allow the microbubbles to float up against 
the cell layer. Considering the total time between injection and ultra-
sound exposure, all microbubbles will then have reached the cell layer. 
The Lumox dish was then kept in upside-down position and placed in a 
37 ◦C water tank where it was exposed to ultrasound. 

The bubbles were always insonified by a single 1-MHz ultrasound 
pulse. The ultrasound transmit pulses were generated with an arbitrary 
waveform generator (model 8026, Tabor Electronics, Tel Hanan, Israel), 
amplified by a power amplifier (50 dB, 350 L, Electronics and Innova-
tion, Rochester, USA), and transmitted by an unfocused, single-element 
immersion transducer with a center frequency of 1 MHz (C302-SU, 
Olympus, Berchem, Belgium). The transducer was mounted at a side of a 
water tank at a 45◦ angle with respect to the vertical, and at a standoff 
distance of approximately 8 cm to the cell monolayer in the Lumox dish 
(Fig. 2E). This standoff distance was deliberately chosen to be larger 
than the natural focus of the transducer. As such, the area of constant 
acoustic insonation pressure (within ≈ –4 dB, see supplementary in-
formation) was larger than the 1 cm diameter circle of the Lumox dish 
that was used for further processing, see also next paragraph. The 
acoustic output of the transducer was measured using a calibrated 
needle hydrophone (0.24-mm-diameter, Precision Acoustics, Dorset, 
UK). Brightfield imaging, before and after the sonoporation experi-
ments, was performed using a confocal microscope (Yokogawa CSU-X, 
Nikon, Amsterdam, The Netherlands) with a 60× water-immersion 
objective (NIRApo, 1.0 NA, Nikon). An objective inverter (LSM TECH, 
Wellsville, USA) was used to position the objective on top of the Lumox 
dish. The focal plane of the objective was co-aligned with the natural 
focus of the transducer using the hydrophone. During ultrasound inso-
nation, the objective was moved out of the water to avoid ultrasound 
reflections from its surface. All acoustic pressures reported are peak 
negative pressure (PNP) amplitudes. 

After insonation, the Lumox dish was placed back into the incubator 

Fig. 2. (A) Monodisperse microbubble suspensions were formed in a flow-focusing device. (B) Size distributions of the employed bubble suspensions. (C) Attenuation 
α spectra of the bubbles diluted in cell medium at 37 ◦C measured every minute over the course of 16 min. The equality of the spectra demonstrates that the bubbles 
are highly stable under the conditions during the sonoporation experiments. (D) The bubbles (blue arrows) were left to float against a confluent cell layer (scale bar 
10 μm) where (E) they were insonified by a single ultrasound pulse at a frequency of 1 MHz. (F) After insonation, the cell layer was left to incubate for 10 min after 
which it was further processed by flow cytometry. The low FITC-intensity population (LIP) corresponds to FITC-dextran uptake via endocytosis and the high-intensity 
population (HIP) to that via sonoporation [39]. (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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for 10 min to allow the model drug to diffuse into porated cells, and to 
allow them to recover. Subsequently, the exposed area with a diameter 
of 1 cm was cut out with a scalpel. The cells were then harvested from 
the cut-out membrane using 0.05% trypsin-EDTA (ethyl-
enediaminetetraacetic acid) (Gibco, Merelbeke, Belgium) to obtain 
freely floating cells in suspension. The subsequent flow cytometry pro-
cedure is described in detail in [39] and in the Supplementary infor-
mation. In short, the harvested cells were stained with the 7-AAD 
viability dye (Thermo Fisher Scientific, Waltham, WA, USA). The sam-
ples were then characterized using a benchtop flow cytometer (Cytoflex, 
Beckman Coulter) until a total cell count of 10.000 was reached. The 
obtained data was analyzed (Fig. 2F) using the FlowJo software (BD 
company). Control measurements were performed using the same pro-
cedure, without exposure to ultrasound. Gating of the fluoresence in-
tensity levels discriminates between two populations: the low intensity 
population (LIP) represents cells with drug uptake through endocytosis 
and the high intensity population (HIP) represents cells with drug up-
take through sonoporation [39]. The endocytosis and sonoporation ef-
ficiency percentages are defined as the fraction of endocytic or 
sonoporated cells out of the group of viable cells. At each ultrasound 
setting and for each bubble size distribution, at least 3 experiments were 
performed such that the standard error of the mean could be 
determined. 

2.4. Ultra-high-speed imaging of bubble dynamics 

To gain insight into the relation between sonoporation efficiency, 
bubble size, and bubble dynamics, the radius–time (R(t)) curves of the 
polydisperse microbubbles were recorded using ultra-high-speed imag-
ing at 10 million frames/s (Shimadzu HPV-X2). The bubbles were again 
left to float against the cell layer on the Lumox dish were they were 
driven by a single 1-MHz, 10-cycle ultrasound pulse at a PNP of 100 kPa 
or 500 kPa. The bubble radius was extracted from each frame of the 
high-speed movies by a semi-automated image analysis algorithm pro-
grammed in MATLAB (The Mathworks, Natick, MA). The bubble radius 
was measured from the inflection point on the intensity profile of the 
brightfield image of the bubble [61]. The average oscillation amplitude 
〈Rϵ〉 was obtained from the R(t) curves and defined as follows: 〈Rϵ〉 =

(Rmax − Rmin)/2, with Rmax the average of the maxima of the R(t) curves 
and Rmin the average of the minima of the R(t) curves, where only local 
minima and maxima within at least 20% of the maximum amplitude 
where taken into account to capture only the dynamics of the bubbles 

during ultrasound driving. 
To gain insight into the role of bubble translation, coalescence, and 

dissolution during 1000-cycle driving pulses, a second high-speed im-
aging experiment was performed at 200,000 frames/s. The insonation 
frequency and pressure were 1 MHz and 500 kPa, respectively. Imaging 
was performed on microbubbles floating against a flat and soft 50-μm 
thick polyacrylamide hydrogel. The bubble concentration was identical 
to that used in the sonoporation experiments. The hydrogel, prepared as 
in [62], was chosen to mimic the presence of the compliant cell layer. Its 
shear modulus compares well to that of spleen and kidney tissue [63]. 

3. Results and discussions 

3.1. Ultrasound-driven dynamics of microbubbles floating against the cell 
layer 

The measured amplitude of oscillation 〈Rϵ〉 of microbubbles floating 
against the cell layer is plotted in Fig. 3. Fig. 3A shows 〈Rϵ〉measured at a 
PNP of 100 kPa and Fig. 3B that at a PNP of 500 kPa. As expected from 
Fig. 1, a resonance behavior is observed for bubbles driven at a PNP of 
100 kPa whereas at a PNP of 500 kPa the resonance behavior disappears. 
The resonant bubble radius measured at a PNP of 100 kPa (≈ 3.5 μm) is 
close to that predicted by the Minneart frequency: f0 × R0 ≈ 3.3 μm 
MHz. For reference, the 〈Rϵ〉 curves predicted by a Rayleigh-Plesset (RP) 
type equation for a coated bubble from Fig. 1 are also plotted in Fig. 3 
(solid curves). Even though the RP equation is only valid for a bubble in 
the unbounded fluid [22,64], the agreement with the measured 〈Rϵ〉 of 
the microbubbles floating against the cell layer is surprisingly good. The 
spread in the measured 〈Rϵ〉 at a PNP of 500 kPa most likely originates 
from the variation in the local position of the bubble with respect to the 
target cell(s) and the complex often non-spherical interaction of the 
inertially cavitating bubbles with the compliant cell layer [49,65–68]. 
Nevertheless, on average, the measurements show that the oscillation 
amplitude of bubbles driven at an ultrasound frequency of 1 MHz and a 
PNP of 500 kPa is very similar across bubble radii ranging from 2 to 8 
μm. 

3.2. Sonoporation experiments 

First, the roles of the PNP and pulse length on endocytosis and 
sonoporation efficiency were studied for two bubble populations (3.5 
μm and 4.7 μm radius, Fig. 2B) to select the ultrasound driving 

Fig. 3. Measured amplitude of oscillation 〈Rϵ〉 (red dots) averaged over the 10-cycle driving pulse and plotted as a function of the equilibrium microbubble radius R0. 
The microbubbles were floating against the cell layer. The solid lines show 〈Rϵ〉 obtained by numerically solving a Rayleigh-Plesset type equation for a coated bubble 
(χ = 0.5 N/m, κs = 1× 10-8, σ(R0) = 20 mN/m). The amplitude of oscillation measured at a PNP of 100 kPa is shown in (A) and that at a PNP of 500 kPa in (B). Note 
that the narrowband resonance behavior as observed in (A) disappears when the acoustic pressure is increased from 100 kPa to 500 kPa, see (B). (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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parameters for the sonoporation measurements using all size distribu-
tions. The employed PNPs and pulse lengths were 250 and 500 kPa and 
10, 100 and 1000 cycles, respectively. The measured endocytosis and 
sonoporation efficiencies are shown in Fig. 4. The control data is pre-
sented in Figs. 4 A and D. Both figures show control data measured 
without FITC dextran (indicated by “no FITC”), with 2 MDa FITC 
dextran but without ultrasound and microbubbles (indicated by “no 
US”), and with 2 MDa FITC dextran and microbubbles, but no ultrasound 
(indicated by “no US, with MBs”). The maximum percentage of endo-
cytic cells in the control groups is represented by the horizontal dotted 
line. Efficiency values below the dotted lines thus cannot be attributed to 
ultrasound-driven bubble dynamics. Similarly, the dotted lines in 
Figs. 4D and F represent the highest percentage of sonoporated cells in 
the control groups. 

Regarding endocytosis (Figs. 4B and C), in all experiments with 
bubbles and ultrasound the percentage of endocytosis exceeds the con-
trol value. This confirms previous findings that oscillating microbubbles 
can increase endosomal uptake of (model) drugs [39]. Furthermore, the 
observed trend is that endocytosis increases with an increase in acoustic 
pulse length and an increase in acoustic pressure amplitude. Surpris-
ingly, even though the bubble oscillation amplitude of the 3.5-μm and 
the 4.7-μm bubbles was nearly identical at a PNP of 500 kPa, the bubbles 
with a radius of 4.7 μm resulted overall in a two times higher percentage 
of endocytic cells than those with a radius of 3.5 μm. 

Regarding the measured sonoporation efficiencies (Figs. 4E and F), a 
similar and striking observation is made: in all cases that exceed the 
control values (Figs. 4E and F), the sonoporation efficiency is at least two 
times higher for the 4.7-μm bubbles as compared to that for the 3.5-μm 
bubbles. At a PNP of 250 kPa (Fig. 4E), only the 4.7-μm bubbles driven 
by the 1000-cycle pulse resulted in a sonoporation efficiency beyond the 
control value. Thus, even though both the 3.5-μm and the 4.7-μm bub-
bles oscillate on average with the same amplitude of oscillation when 
driven at a PNP of 500 kPa (see Fig. 3), the sonoporation efficiency of the 
4.7-μm bubbles is substantially higher. 

To further investigate the dependence of sonoporation efficiency on 

microbubble size, the sonoporation efficiency was quantified for a larger 
range of bubble radii, i.e., from 2.1 μm up to 6.2 μm (Fig. 2B). Here, the 
bubbles were driven only with the 1000-cycle pulse to induce a high 
degree of sonoporation. For the same reason, PNPs of 500 kPa and 750 
kPa were selected. Additionally, to gain insight on the induced pore size, 
two FITC-dextran molecular weights were used (4 kDa and 2 MDa). All 
results are presented in Fig. 5. First, note that again, for all ultrasound 
settings the 4.7-μm bubbles resulted in the highest sonoporation effi-
ciency. Upon an increase in PNP from 500 kPa to 750 kPa, the depen-
dence of sonoporation efficiency on bubble size is maintained. 
Sonoporation efficiency of the smallest 2.1-μm bubbles is 5 to 30 times 
lower than that of the 4.7-μm bubbles. This large difference in sonopo-
ration efficiency between small and large bubbles explains the on 
average 6 times lower sonoporation efficiency of the polydisperse bub-
ble suspension as compared to the 4.7-μm bubbles. The broad poly-
disperse size distribution (see Fig. 2B) contains some of the efficient 4.7- 
μm bubbles, while the major part of all bubbles was even smaller than 
the less efficient 2.1-μm bubbles. Regarding the pore size, the results in 
Fig. 5 show that the surface concentration of pores large enough to allow 
the 2 MDa FITC-dextran molecules to diffuse into the cells doubles when 
the PNP is increased from 500 to 750 kPa. This observation is consistent 
with previous findings using polydisperse microbubbles [69]. All in all, 
for the present in vitro experiment using 1-MHz frequency ultrasound, 
sonoporation efficiency is at maximum for bubbles with a radius of 4.7 
μm regardless of the molecular weight of the FITC model drug used here, 
and at a broad range of acoustic driving conditions: at 10, 100 and 1000 
cycles and at acoustic pressure amplitudes of 250, 500 and 750 kPa. 

If each bubble would sonoporate a single cell, a sonoporation effi-
ciency of 7% would be reached (bubbles were diluted to approx. 1 
bubble for every 15 cells). However, note that the sonoporation effi-
ciencies at 500 kPa and 750 kPa at times exceed 7% meaning that 
bubbles must have moved across the cell monolayer to thereby porate 
multiple cells. Indeed, the supplementary high-speed recordings of 
monodisperse bubbles with a radius of 2.3, 4.0, and 6.0 μm show that 
bubble translation, coalescence, and size changes by diffusion also play a 

Fig. 4. (A,B,C) Endocytosis and (D,E,F) sonoporation efficiencies measured at PNPs of 250 kPa and 500 kPa for either 10, 100, or 1000-cycle pulses. The control 
experiments are shown in (A) and (D). The errorbars represent the standard error of the mean. To quantify sonoporation efficiency 2 MDa FITC-dextran was used. To 
discriminate between endocytosis and sonoporation, gating on the flow cytometry data was performed as in [39] and as illustrated in Fig. 2F. 
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Fig. 5. Sonoporation efficiency at 1 MHz ultrasound driving frequency (1000 cycles) is at maximum for bubbles with a radius of 4.7 μm. This is demonstrated for 
both FITC dextrans of 4 kDa and 2 MDa, and for PNPs of 500 kPa and 750 kPa. The error bars represent the standard error of the mean. 

Fig. 6. Discussion on potential mechanisms of sonoporation. (A) If the cell (green shaded area) would be fluid like, its surface area dilatation Γ would follow that of 
the bubble. The plot shows that this assumption is incorrect as the maximum area increase of the bubble relative to its equilibrium surface area: Γ = 4π(R0 + 〈Rϵ〉 )

2
/

4πR2
0 does not correlate to the bubble size dependence of the measured sonoporation efficiency. To aid comparison, the sonoporation efficiencies measured at 500 

kPa and using 4 kDa and 2 MDa FITC-dextran are also plotted in light and dark gray, respectively. (B) Also the bubble size dependence of the estimated shear stress 
(τ = μ Ṙ/R0) does not correlate with that of the measured sonoporation efficiency. (C) Estimate of the normal stress exerted by the bubble on the cellular wall. Note 
that its bubble size dependence correlates well with that of the measured sonoporation efficiency suggesting that normal stress is the dominant mechanism of 
sonoporation in the present work. (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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role in sonoporation, in particular after tens of acoustic cycles (i.e., tens 
of microseconds). The recordings show that many of the 2.3-μm bubbles 
dissolve even before the end of the acoustic driving pulse. The 4.0 and 
6.0-μm bubbles cluster within tens of μs after the arrival of the acoustic 
driving pulse. It is furthermore observed that the 6 μm bubbles shed off 
small bubbles after 285 μs. All these effects dramatically affect volu-
metric bubble oscillations and any subsequent mechanical effects on the 
cells. Thus, gaining understanding of sonoporation at driving pulses 
exceeding several tens of acoustic cycles is extremely challenging. 
Nevertheless, in this work we demonstrate that already at a pulse lengths 
of 10 cycles the sonoporation efficiency is strongly bubble size depen-
dent and at maximum for bubbles approx. 4.7 μm in radius. Moreover, 
Fig. 4F shows that for the 4.7-μm bubbles driven at 500 kPa the sono-
poration efficiency doubles each time the pulse length is increased by a 
factor 10. This weak dependence of sonoporation efficiency on pulse 
length (i.e., much weaker than linear) shows that most sonoporation is 
induced during the first cycles of the driving pulse, and thus before 
bubble translation, coalescence, and size changes play a role. 

3.3. Discussion on potential mechanism(s) of sonoporation 

We now discuss several potential physical mechanisms that can 
induce cell membrane dilation and thereby potentially cell membrane 
sonoporation. The scaling of the mechanisms with bubble size is 
compared to the measured sonoporation efficiency using the measured 
amplitude of oscillation (Fig. 3B). 

We start by considering a most simple case, i.e., by assuming that the 
mechanical properties and strain of the cell follow a liquid-like behavior 
that equals that of the medium surrounding the cell. Under this 
assumption, cell membrane deformation directly follows from the 
radially diverging flow around an oscillating bubble. The surface area 
dilation of the cell membrane then scales as Γ = 4π(R0 + 〈Rϵ〉 )

2
/4πR2

0 
(red and blue marked segments in Fig. 6A). In Fig. 6A Γ is plotted as a 
function of bubble size. The figure demonstrates that there is no corre-
lation between Γ and the measured sonoporation efficiency. Thus, cell 
membrane dilation does not simply follow that of the bubble surface. 

To couple bubble oscillations to cell membrane dilation, shear 
stresses τ (force per unit area parallel to the cell wall) due to streaming 
induced by the oscillating bubble has frequently been considered. Shear 
stress is defined as: τ = μ∂v/∂z|z=0, with μ the liquid viscosity and 
∂v/∂z|z=0 the fluid velocity gradient at and parallel to the cell wall. Due 
to the asymmetry induced by the nearby cell boundary the bubble in-
duces next to periodic fluid velocity oscillations on the order of the 
bubble wall velocity (m/s), a net time averaged microstreaming flow 
(mm/s) [9,10,49]. As the time-averaged steady flow velocity is typically 
3 orders of magnitude lower than the instantaneous oscillatory velocity 
of the bubble wall Ṙ, we deem shear stress due steady microstreaming 
negligible as compared to non-steady shear stress. To estimate non- 
steady shear stress, the acoustic boundary layer thickness δ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2μ(ρω)− 1

√
is often used as the relevant length scale over which the 

bubble wall velocity Ṙ decays (i.e., ∂v/∂z ≈ Ṙ/δ) [11,70,71]. However, 
this is only the case for a bubble in the unbounded liquid oscillating at 
small amplitudes of oscillation (〈Rϵ〉≪R0). In our experiments, the 
bubbles are located against a wall and their average bubble oscillation 
amplitude of typically 2–3 μm (see Fig. 2) is approximately 5 times lager 
than δ (0.56 μm). Therefore, we estimate the length scale over which Ṙ 
decays to be R0 instead of δ (see the schematic in Fig. 6B) such that the 
shear stress is estimated as follows: τ = μ Ṙ/R0. The latter equation can 
then be linearized to find: τ ≈ μω〈Rϵ〉/R0. Fig. 6B shows the estimated 
shear stress τ based on the measured amplitude of bubble oscillations 
〈Rϵ〉. The figure shows that the dependence of shear stress on bubble size 
does not correlate to the measured sonoporation efficiency. Thus, it is 
highly unlikely that shear stress is the relevant mechanism of sonopo-
ration in the experiments presented here. 

We now estimate the contribution of normal stresses (force per unit 
area perpendicular to the cell wall), which can also induce a lateral 
strain of the cell membrane. To estimate the normal stresses we start 
with Euler's equation in spherical coordinates: ρ− 1∂p/∂r = − ∂v/∂t −
v∂v/∂r, with ρ the liquid density, p the gauge pressure, and r the radial 
coordinate. Euler's equation can be integrated to obtain the well known 
expression for the pressure at the bubble wall relative to the ambient 

pressure [46,72]: p = ρ
(

R̈R + 3
2Ṙ

2), which can in turn be linearized to 

obtain an estimate of the normal stress p = ρω2
(
〈Rϵ〉R0 +

3
2〈Rϵ〉

2
)

. 

Fig. 6C shows the estimated normal stress as a function of bubble size 
again calculated using the measured bubble oscillation amplitude 〈Rϵ〉. 
Note that the estimated normal stress is 2 to 3 orders of magnitude 
higher than the estimated shear stress and that it can exceed the driving 
acoustic pressure of 500 kPa. Also note that the estimated normal stress 
correlates well with the overall trend of the measured sonoporation ef-
ficiency. The exact relationship between normal stress, strain of the cell 
membrane, and the resulting sonoporation probability remains to be 
determined in future work. Nevertheless, if we consider a cell membrane 
to be an elastic membrane, its strain will be proportional to the applied 
stress. Therefore, the higher the stress, the larger the induced defor-
mation, and the higher the chance of sonoporation. Thus, considering 
the three mechanisms discussed, normal stresses are most likely the 
dominant mechanism of sonoporation in the present work. 

As to microjetting, the high-speed imaging experiments did not show 
any indications. In future work, the onset of microjetting, its role on 
sonoporation, and its dependency on bubble size remains to be deter-
mined, e.g., using sideview high-speed imaging. Additionally, the role of 
the full spectrum of frequencies contained in the bubble oscillations, i.e., 
fundamental response versus subharmonics and higher harmonics, re-
mains to be determined. This work demonstrates that monodisperse 
microbubbles are a powerful tool in the search for such improved un-
derstanding. More toward the intended therapeutic application, this 
work demonstrates that sonoporation efficiency can be boosted by 
almost an order of magnitude when conventional UCAs are replaced by 
monodisperse bubble suspensions that are tailored to efficient 
sonoporation-based therapies. However, it is well known that bubble 
dynamics is influenced by the cell boundary and the confinement of the 
surrounding (viscoelastic) tissue [18,64,73], as such our 2D monolayer 
experiments cannot be directly translated to in-vivo conditions. The next 
step is to move to 3D organ-on-chip models [74], CAM models [75,76] 
and preclinical experiments [77]. 

4. Conclusions 

Sonoporation induced by ultrasound with a frequency of 1 MHz is 
most efficiently induced by monodisperse microbubbles with a radius of 
4.7 μm. By contrast, the sonoporation efficiency of bubbles with a 2.1- 
μm radius is approx. 40 times lower than that obtained with bubbles 4.7- 
μm in radius. Polydisperse microbubbles with a typical ultrasound 
contrast agent size distribution perform almost an order of magnitude 
lower in terms of sonoporation efficiency than the 4.7-μm bubbles. We 
furthermore demonstrate that the characteristic resonance behavior of 
microbubbles disappears for acoustic pressure amplitudes that induce 
sonoporation (≥ 500 kPa) such that the bubble oscillation amplitude is 
approximately uniform across bubble radii ranging from 2 to 8 μm. It is 
shown that it is highly unlikely that shear stresses are driving the 
sonoporation mechanism in this system. Instead, we show that an esti-
mate of the bubble-induced normal stresses correlates well with the 
measured sonoporation efficiency. This work therefore demonstrates 
that monodisperse microbubble suspensions are potentially improved 
therapeutic agents as well as a powerful tool in the search for an 
improved fundamental understanding of ultrasound-based bubble- 
mediated therapy. 

Supplementary data to this article can be found online at https://doi. 
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