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Nanobubble-mediated cancer cell sonoporation
using low-frequency ultrasound+
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Ultrasound insonation of microbubbles can form transient pores in cell membranes that enable the deliv-

ery of non-permeable extracellular molecules to the cells. Reducing the size of microbubble contrast

agents to the nanometer range could facilitate cancer sonoporation. This size reduction can enhance the

extravasation of nanobubbles into tumors after an intravenous injection, thus providing a noninvasive

sonoporation platform. However, drug delivery efficacy depends on the oscillations of the bubbles, the

ultrasound parameters and the size of the target compared to the membrane pores. The formation of

large pores is advantageous for the delivery of large molecules, however the small size of the nanobub-

bles limit the bioeffects when operating near the nanobubble resonance frequency at the MHz range.

Here, we show that by coupling nanobubbles with 250 kHz low frequency ultrasound, high amplitude

oscillations can be achieved, which facilitate low energy sonoporation of cancer cells. This is beneficial

both for increasing the uptake of a specific molecule and to improve large molecule delivery. The method

was optimized for the delivery of four fluorescent molecules ranging in size from 1.2 to 70 kDa to breast

cancer cells, while comparing the results to targeted microbubbles. Depending on the fluorescent mole-

cule size, the optimal ultrasound peak negative pressure was found to range between 300 and 500 kPa.

Increasing the pressure to 800 kPa reduced the fraction of fluorescent cells for all molecules sizes. The

optimal uptake for the smaller molecule size of 4 kDa resulted in a fraction of 19.9 + 1.8% of fluorescent
cells, whereas delivery of 20 kDa and 70 kDa molecules yielded 14 + 0.8% and 4.1 + 1.1%, respectively.
These values were similar to targeted microbubble-mediated sonoporation, suggesting that nanobubbles

can serve as noninvasive sonoporation agents with a similar potency, and at a reduced bubble size. The
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1. Introduction

The development of intravenously (IV) injected microbubbles
(MBs), with an average diameter of 1.5-4 pm, has greatly
enhanced the applications of ultrasound (US) beyond soft
tissue imaging to functional intravascular imaging,’ and also
to therapeutic applications, as demonstrated with compelling
research reporting notable bioeffects.>™* MBs formed of a gas
core and a stabilizing shell are efficient US theranostic probes
that serve as both contrast and therapeutic agents. Upon US
excitation, MBs cavitate and pulsate volumetrically, applying
mechanical forces and transiently forming pores in adjacent
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nanobubbles effectively reduced cell viability and may thus potentially reduce the tumor burden, which is
crucial for the success of cancer treatment. This method provides a non-invasive and low-energy tumor
sonoporation theranostic platform, which can be combined with other therapies to maximize the thera-
peutic benefits of cancer treatment or be harnessed in gene therapy applications.

cell membranes that can promote local drug and gene
delivery.>® After insonation, the cell membrane pores close
and revert to their original state, so that the therapeutic
material becomes confined within the cell.””® This method,
termed sonoporation, is a promising targeted, nonviral and
non-toxic gene and drug delivery method®™" and offers the
benefits associated with US (safety, user-friendliness, relative
low cost, and widespread clinical accessibility)."> Due to the
noninvasive nature of US, it can be applied directly to deep-
seated organs with site-specificity, enabling sonoporation of
deep tissues with negligible off-target effects.”*'*

Until recently, the large size of MBs restrained them to
intravascular applications, since they were too big to extrava-
sate from the blood vessels into the surrounding tissue.>">"®
The development of nanobubbles (NBs) has expanded gas-
bubble effects beyond the vascular compartment because of
their small size (less than 500 nm) that enables effective tumor
uptake via the leaky tumor vasculature."”” ™ In sonoporation
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studies, NBs have been employed for the delivery of drugs and
genes at high frequencies.?>' However, the effective delivery
of large molecules requires sufficiently high-amplitude NBs
oscillations to apply enough mechanical force to generate
large pores in adjacent cell membranes.>” In the past, NBs
were typically excited at high US frequencies of tens of
MHz.”*?* These frequencies were shown to improve resolution
and facilitate NB imaging.”® In addition, since the bubbles’
resonance frequency is inversely proportional to their dia-
meter, NBs’ resonance frequency is high (40 MHz for a 200 nm
NB).>**” Nevertheless, at these frequencies, strong NB oscil-
lations do not occur.”® Sonoporation that requires strong cavi-
tation thus remained a significant challenge. We recently
showed that exciting MBs with low frequency US of 250 kHz,
well below their resonance frequency, triggers their high
amplitude oscillations as a result of the Blake threshold
effect.”® 32 By exploiting this effect, we developed MB-mediated
sonoporation for large molecules delivery to cancer cells.** For
tumor therapy application in vivo, the MB were intratumorally
injected, making it an invasive approach.*”> In addition, we
showed that since MBs are buoyant and close proximity to the
cells is required, targeted MBs (TMBs) were used.’”*> Here we
report the development of a noninvasive NB-mediated cancer cell
sonoporation platform. Recently we showed that the Blake
threshold is also applicable to nanoscale bubbles, and causes
violent NB oscillations at center frequencies below 250 kHz. This
discovery was used for the development of NB-mediated low
energy mechanical ablation of tumors.'® Here, we present the use
of low-frequency mediated NB insonation for the promotion of
cancer cell large pore formation as a sonoporation platform.
Cancer cell sonoporation is particularly challenging and requires
stronger oscillations than other cell types.**> In cancer treat-
ment, tumor burden reduction is key for effective therapy.>®”
Thus, in addition to improved drug delivery, our goal was also to
reduce cell viability. Sonoporation depends on factors such as the
size of the generated membrane pores, the US parameters and
the delivered particle size.>*® NB-mediated sonoporation was
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optimized through the delivery of 4 fluorescent molecules
ranging from 1.2 to 70 kDa in size and results were compared to
the gold standard TMB-mediated sonoporation.

2. Results
2.1. Delivery of 7-AAD

We first tested the 7-Aminoactinomycin D (7-AAD) molecule,
which has a molecular weight of 1.2 kDa. Based on our pre-
vious work that optimized the 7-AAD concentration and incu-
bation time, the concentration used here was 5 pg ml™" and a
time point of 0 was used for fluorescence microscopy analysis
(e.g. immediately post-US treatment).*® 7-AAD is a fluorescent
dye that undergoes a spectral shift upon association with DNA.
Therefore, after sonoporation, the fluorescent signal only ema-
nates from the stained cells and does not exist in the back-
ground suspension. Consequently, fluorescence microscopy
can be used immediately after the treatment to visualize and
quantify the percentage of fluorescent cells. The images pre-
sented in Fig. 1A are an overlay of both Hoechst and 7-AAD
stained cells. The Hoechst-stained cells marked in blue rep-
resent the total cells in the sample. The 7-AAD positive cells
appear pink. The objective of this experiment was to provide
preliminary evidence of the ability of NBs, when combined
with a low frequency US of 250 kHz, to produce a large enough
bioeffect and permit significant sonoporation. There was a
similar percentage of fluorescent cells in the sham (15.3 +
7.8%), and NB only (18.1 + 4.3%). The fraction of 7-AAD
stained cells increased significantly after NBs-mediated treat-
ment in comparison to the control groups and reached values
of 61.4 + 12.8% and 61.6 + 8.3% for 800 kPa and 1350 kPa
treatments respectively (p < 0.01, p < 0.001) (Fig. 1B).

2.2. Nanobubble concentration calibrations

In vitro experiments were performed to assess the impact of
NB low frequency insonation (250 kHz) on cancer cell uptake
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Fig. 1 7-AAD delivery to breast cancer cell experiments. (A) Fluorescence microscopy images for sham, nanobubbles only and different ultrasound
treatment groups. Images are an overlay of both Hoechst and 7-AAD stained cells. Hoechst-stained cells (the total cells in the sample) are blue and
the 7-AAD positive cells appear pink. Images were acquired at 10x magnification. The scale bar is common to all subfigures in (A) and was 200 pm.
(B) 7-AAD stained cells are expressed as the percentage of total cells for the different treatment and control groups. A one-way ANOVA with Tukey's
multiple comparison test was conducted. The adjusted p values were **p < 0.01, ***p < 0.001. All data are plotted as the mean + SD.
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as a function of NB concentration. Eppendorf tubes containing
a mixture of NBs, FITC 4 kDa and breast cancer cells were inso-
nated using low frequency US. In our previous study, we
assessed the NB-mediated mechanical ablation effectiveness of
various treatment durations in vitro. However, there was no
notable discrepancy for the different durations tested (30, 60,
and 90 seconds). As a result, to limit US exposure, we opted
for a treatment duration of 30 seconds.'® Unlike 7-AAD, FITC-
dextran fluoresces on its own, and there was a high back-
ground signal in the suspension immediately after treatment.
In order to remove this fluorescence background, after the US
treatment, the cell suspension was cultured for a further 24 h
in plates. During this time, the cells adhered to the plate, and
the media were washed and replaced to remove all of the fluo-
rescent background signal. Hence, 4, 20 and 70 kDa FITC-dex-
trans fluorescence and viability tests were performed 24 h post
treatment. Cancer cell uptake was assessed at a constant
pressure of 300 kPa for all concentrations tested. The initial
concentration was x = 1.29 x 10’ NBs per pL, and 5 other con-
centrations of 2, 4, 8, 12 and 16 times the initial concentration
were tested. No significant FITC 4 kDa uptake difference was
found across the different control groups. The sham group
exhibited 2.9 + 2.5% uptake, the free MB, with a concentration
of 50 MBs per cell, resulted in 5.1 + 1.3% uptake and the NBs
only (at the optimal NB concentration of 12x) resulted in 1.5 +
0.3% uptake. The proportion of fluorescent cells increased as a
function of the concentration of NBs until a concentration of
12x was reached (at which point the highest proportion of fluo-
rescent cells was 17.9 + 5.5%). However, above this concen-
tration, the fraction of fluorescent cells began to decline,
reaching 11.7 + 2% at a concentration of 16x (non-significant,
p > 0.05) (Fig. 2B). These results suggest that 12x was the
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Fig. 2 Nanobubble concentration optimization for 4 kDa FITC delivery.
(A) Overlay images of cells and the FITC 4 kDa fluorescent signals for
different nanobubble concentration groups at a constant pressure of
300 kPa. Cells were imaged one day after sonoporation treatment.
Images were acquired by the Incucyte system at 20x magnification.
Scale bars are 200 pm in all subfigures. (B) Impact of nanobubble con-
centrations on FITC 4 kDa cellular uptake expressed as the percentage
of the total cells. A one-way ANOVA with Tukey’s multiple comparison
test was conducted. The adjusted p values were *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. All data are plotted as the mean + SD.
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optimal NB concentration for the delivery of FITC 4 kDa
molecules.

2.3. Delivery of FITC 4 kDa

Here, we evaluated how US level pressure applied on NBs
during sonoporation treatment affected the uptake of 4 kDa
FITC-dextran by breast cancer cells. We maintained a consist-
ent FITC-dextran concentration of 1 mg ml™" for all sizes
tested in this experiment, which was selected based on pre-
vious investigations.>®** The percentage of fluorescent cells
increased as a function of the applied peak negative pressures
(PNP) during the treatment with NBs, reaching a maximum
uptake of 19.9 + 1.8% at a PNP of 500 kPa. Beyond this
pressure, the fraction of fluorescent cells decreased, with a
13.8 + 1.6% uptake observed at a PNP of 800 kPa (non-signifi-
cant, p > 0.05) (Fig. 3B). The 4 kDa FITC uptake percentage was
4.1 + 0.2% and 8.9 + 0.6% for the sham and 200 kPa groups,
respectively. These findings indicate that a PNP of 500 kPa was
the optimal pressure for delivering these molecules. However,
no significant difference was observed in uptake percentage
between 300 kPa and 500 kPa. When compared with sonopora-
tion results achieved through TMB-mediated treatment, the
results obtained from NBs treatment for the same pressures
showed no significant difference (not significant, p > 0.05),
except for the 800 kPa TMB and NB groups where uptake
ratios obtained were 24.1 + 5.5% and 13.8 + 1.6% respectively
(*p < 0.05). The uptake in the US only group (0.22 + 0.13%) did
not show a significant difference when compared to the sham
group (non-significant, p > 0.05).

2.4. Delivery of FITC 20 kDa

Next, the size of the delivered molecule was increased to FITC-
dextran 20 kDa. The pressures evaluated were the same as
used for the FITC-dextran 4 kDa sonoporation (200 kPa, 300
kPa, 500 kPa and 800 kPa). At a PNP of 300 kPa, the uptake of
FITC-dextran 20 kDa reached its maximum of 14 + 0.8%.
However, beyond this pressure, the fraction of fluorescent cells
decreased, with a 10.3 + 3.4% and 5.4 + 2.7% uptake observed
at 500 kPa and 800 kPa respectively. In the sham group, the
percentage of fluorescent cells was 2.9 + 1.4%, which increased
to 8.3 + 2.3% at a PNP of 200 kPa (Fig. 4B). These results
suggest that 300 kPa is the optimal pressure for delivering
these molecules. Resulting uptakes were lower for FITC 20 kDa
in comparison to FITC 4 kDa for all pressure tested. In terms
of sonoporation results achieved through TMB-mediated treat-
ment, there was no significant difference in uptake between
NBs treatment and TMBs treatment for the same pressures
(not significant, p > 0.05), except for the 800 kPa group where
the uptake ratios were 13.2 + 1.6% for MBs and 5.4 + 2.7% for
NBs (*p < 0.05).

2.5. Delivery of FITC 70 kDa

Finally, the size of the delivered molecule was increased to
FITC-dextran 70 kDa. The pressures tested were unchanged.
The 4T1 cells reached optimal FITC 70 kDa uptake at a PNP of
300 kPa and 500 kPa where the maximal fractions of fluo-
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Fig. 3 FITC 4 kDa sonoporation results. (A) Overlay images of cells and FITC 4 kDa fluorescence for different peak negative pressure groups with a
constant nanobubble concentration of 12x. Cells were imaged one day after sonoporation treatment. Images were acquired by the Incucyte system
at 20x magnification. Scale bars are 200 pm in all subfigures. (B) Impact of peak negative pressure on FITC 4 kDa cellular uptake expressed as the
percentage of the total cells for targeted microbubbles®® and nanobubbles. A one-way ANOVA with Tukey's multiple comparison test. Adjusted p
values were *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. All data are plotted as the mean + SD.
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Fig. 4 FITC 20 kDa sonoporation results. (A) Overlay images of cells and FITC 20 kDa fluorescence for different peak negative pressure groups with
a constant nanobubble concentration of 12x. Cells were imaged one day after sonoporation treatment. Images were acquired by the Incucyte
system at 20x magnification. Scale bars are 200 pm in all subfigures. (B) Impact of peak negative pressure on FITC 20 kDa cellular uptake expressed
as the percentage of the total cells. Targeted microbubble results®*® were incorporated into the graph displaying the results from the nanobubble
treatment for comparison. A one-way ANOVA with Tukey’s multiple comparison test was conducted. The adjusted p values were *p < 0.05, **p <
0.01, ****p < 0.0001. All data are plotted as the mean + SD.

rescent cells were 4.1 + 1.1%. Beyond these PNPs, the fraction 2.6. Cell viability post treatment
of fluorescent cells dropped to 1.8 + 1.1% for a PNP of 800 kPa

(non-significant, p > 0.05). The 70 kDa FITC uptake percentage
was 1.3 + 0.6% and 2.6 + 1% for the sham and 200 kPa groups,
respectively (Fig. 5B). The resulting uptakes were lower for
FITC 70 kDa in comparison to the FITC 20 kDa and FITC
4 kDa for all pressures tested. When compared to the sono-
poration results for TMB-mediated treatment, the results for
the NB treatment for the same pressures showed no significant
difference for all groups tested (non-significant, p > 0.05).

17902 | Nanoscale, 2023, 15, 17899-17909

Cell viability was evaluated for the treatment groups 24 h post-
sonoporation at the same time point used for FITC molecule
uptake evaluation. To enable comparison, the TMB results
obtained in our previous work®® were included in the graph
displaying the results for the NBs treatment. Viability was also
assessed for NB only and TMB only (no US application).
Viability dropped to 23.7 + 0.7% for the treatment only with
TMB. However, no significant difference was found between

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 FITC 70 kDa sonoporation results. (A) Overlay images of cells and FITC 70 kDa fluorescence for different peak negative pressure groups with
a constant nanobubble concentration of 12x. Cells were imaged one day after sonoporation treatment. Images were acquired by the Incucyte
system at 20x magnification. The scale bars are 200 pm in all subfigures. (B) Impact of peak negative pressure on FITC 70 kDa cellular uptake
expressed as the percentage of the total cells. Targeted microbubble results®* were incorporated into the graph displaying the results for the nano-
bubble treatment for comparison. A one-way ANOVA with Tukey’s multiple comparison test was conducted. The adjusted p values were *p < 0.05,

**p < 0.01, ***p < 0.001. All data are plotted as the mean + SD.

the only-NB group, the sham group and the only US group (100 +
4.8%, 102.3 + 5.7%, and 110.2 + 5.4%, respectively, non-signifi-
cant, p > 0.05). The PNP used in the only US group was 800 kPa.
This PNP is the highest pressure tested across all the FITC groups
in our work. To confirm that the reduction in viability observed
in the group treated exclusively with TMBs is not a result of cell
buoyancy following TMB binding which might limit their attach-
ment to the plate, we conducted an experiment to assess the
stability of the TMBs when attached to 4T1 cells under the same
experimental conditions as the uptake experiments, at three time
points: 0, 1, and 2 hours. The number of TMBs on the cells
dropped significantly after one hour, and no TMBs were found
after two hours (Fig. S1t). The NB-mediated results showed no
significant difference for all groups tested (Fig. 6, non-significant,
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Fig. 6 Cell viability post-sonoporation treatment. Viability of cells
expressed as the percentage of the sham group for the different treat-
ment and control groups 1 day after sonoporation with FITC 4 kDa.
Targeted microbubble results®*® were incorporated into the graph for
comparison. A one-way ANOVA with Tukey’s multiple comparison test
was conducted. Adjusted p values were ns p > 0.05, **** p < 0.0001. All
data are plotted as the mean + SD.

This journal is © The Royal Society of Chemistry 2023

p > 0.05) when compared to the viability results for the TMB-
mediated treatment, except for the 200 kPa treatment. In this
case, the viability for the NB group was significantly higher than
the TMB group (42.2 + 1.6% vs. 11.3 + 1.6%, ****p < 0.0001). Our
viability evaluation was based on the cells confluency calculated
by the Incucyte Live-Cell Analysis System (Essen Bioscience). This
approach eliminated the need to harvest cells from the plate and
reduced the potential for human errors resulting from manual
handling. To further affirm the validity of our cell viability evalu-
ation method, we compared our results with cell viability rates
resulting from a cell counting instrument (CellDrop, DeNovix
Inc., Wilmington, USA). In these experiments, cells were collected
from the wells and counted using the cell counter. The results
obtained from both of these survival evaluation methods were
similar, with no statistically significant differences between them
(Fig. S2,T not significant, p > 0.05).

3. Discussion

The field of sonoporation is expanding and has demonstrated
efficacy in delivering drugs and genes to diverse cell types and
tissues.*®** This method has several advantages over other
delivery techniques, in that it is cost effective, deep penetrating
and widely available.'****> Compared to biological techniques
such as viral vectors, sonoporation enhances the spatiotem-
poral precision of gene delivery and can considerably reduce
undesirable side effects and non-specific toxicity.*®

For cancer treatment applications, a significant number of
cancer cells must undergo sonoporation, and a high delivery
efficacy is needed to maximize the drug concentration within
the cells. Our approach to achieving a high sonoporation rate
involves utilizing low frequency insonation, unlike the majority
of optimization studies in this field that have utilized frequen-
cies exceeding 1 MHz, where strong MB oscillations require
PNP that exceed the Food and Drug Administration’s (FDA)

Nanoscale, 2023, 15,17899-17909 | 17903
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safety threshold.*»*’™*° Low frequency insonation was shown
to increase gas bubble oscillations, which was used here to
enhance sonoporation.*’ In addition, low-frequency US has
the advantage of lower attenuation compared to high frequen-
cies, allowing for greater penetration of deep-seated organs.
With a fixed aperture, lowering the US frequency enlarges the
focal spot size, allowing the simultaneous treatment of a larger
tumor volume. If necessary, adjusting the transducer aperture
can be employed to shrink the focal zone size, enabling more
precise targeting of the tumor.’®>> In brain therapy appli-
cations, a lower frequency is advantageous in achieving
focused targeting through the human skull with minimal dis-
tortion and attenuation, as highlighted by the clinical trials
currently in progress for a variety of brain diseases.”* > Based
on the Blake threshold effect, the use of low frequency US was
found to generate large NBs oscillation permitting NBs-
mediated therapeutic applications despite their reduced
size.’®? Here, we described an enhanced sonoporation plat-
form using NBs with a mean diameter of 170 nm that can be
systemically injected. This overcomes current sonoporation
limitations that stem from the large MB diameter used in
most sonoporation studies. In addition, the low energies
applied do not induce heat, so that the effect remains purely
mechanical.

In the case of cancer therapy, high delivery efficacy and
reducing cell viability are equally important. This is because
minimizing the tumor burden is essential for the success of
cancer treatment.’®*”® For this reason, in this study we aim
to achieve multiple outcomes, including enhanced drug deliv-
ery, reduced tumor burden, and decreased cell viability in
order to improve cancer therapy, which is our overreaching
goal. Although this article dealt with the sonoporation of
cancer cells, future applications could include the sonopora-
tion of other cell types, such as immune cells, muscle cells
and endothelial cells. This method could also be applied for
gene therapy, where the goal is to introduce new genetic
material into cells.

Here, we investigated the delivery of 4 different fluorescent
molecules ranging in size from 1.2 kDa to 70 kDa, which
corresponds to substances such as chemotherapeutic drugs
(1-70 kDa), siRNA (~14 kDa), and proteins (3-40 kDa).>>*"~%2
Due to the physical dimensions of the transducer’s focal spot,
the experiments were carried out in Eppendorf tubes. For the
250 kHz center frequency, the lateral and axial axes had a full
width at half maximum of 7 x 50 mm. The elongated shapes of
the Eppendorf and focal point were utilized to carry out the
treatment in these tubes, because they allow for the simul-
taneous treatment of the entire volume without having to
mechanically move the transducer, as would be the case if
using adherent cells in plates. The initial cell culturing was
carried out in plates. After undergoing US treatment, the cells
were then transferred back to the 24-well plates. The control
groups underwent the same procedures as the treated groups.
The initial molecule examined in this study was the 7-AAD
(1.2 kDa). 7-AAD is a membrane-impermeable dye that under-
goes a spectral shift upon binding to DNA. During the sono-
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poration process, pores can form in the cell membrane, allow-
ing 7-AAD to enter the cells. The use of suspended cells likely
increases the chances of 7-AAD entering untreated cells and
given enough time, this dye can spontaneously permeate cells
as we can see in the relative high uptake in sham and NB only
groups (Fig. 1). This parameter was previously optimized (ref.
33). Our goal here was to provide preliminary evidence for the
ability of free NB-mediated sonoporation using low frequency
US. The results demonstrated a significant increase in the
uptake ratio after treatment (Fig. 1A and B). It’s worth noting
that since these cells were imaged immediately after treatment,
some may not have been viable. Next, the delivery of larger
FITC molecules with molecular weights of 4 kDa, 20 kDa, and
70 kDa was optimized by studying the impact of PNP on sono-
poration efficacy and cell viability.

In contrast to 7-AAD, which provides a fluorescent signal
exclusively from stained cells and doesn’t introduce back-
ground fluorescence in the suspension, FITC-dextran has its
own fluorescence and contributes to a high background signal
immediately after treatment. To mitigate this, after the US
treatment, the cell suspension was cultured for an additional
24 hours in plates. During this period, cells adhered to the
plate, allowing us to wash and replace the media to eliminate
any remaining fluorescent background signal. Non-viable cells
remained in the suspension and did not adhere, making the
FITC-delivery experiments a more precise metric to assess cell
viability and molecular uptake.

The percentage of fluorescent cells was utilized as a yard-
stick to assess delivery efficiency and to compare the different
sizes of FITC. For uptake evaluation, the calculation procedure
involved normalizing the green confluence (representing FITC-
dextran uptake) by the phase confluence (indicating the total
cell area). The highest rate of fluorescent cells resulting from
NB sonoporation was observed for the smallest molecules,
with approximately 19.9 + 1.8% of the live cells for the FITC
4 kDa molecule (Fig. 3B). For FITC molecules weighing 20 and
70 kDa, the percentage of fluorescent cells was 14 + 0.8% and
4.1 + 1.1% of the live cells, respectively (Fig. 4B and 5B). This
pattern is in line with the results obtained for TMB-mediated
sonoporation, where uptake was diminished for larger mole-
cules.?® In these experiments, we implemented a sham control
group that was subjected to the exact same conditions as the
treatment groups, including incubation with FITC. If any cells
took up FITC during the 24-hour incubation period, this
would result in an increase across all groups. Upon compari-
son, we observed that the NB-mediated sonoporation group
exhibited significantly higher FITC uptake compared to the
sham group. Moreover, the phase contrast and fluorescence
images of the cells obtained using the IncuCyte Live-Cell
Analysis System consistently depicted live cells firmly adhered
to the plate surface. As a result, it is reasonable to anticipate
that all the experimental groups exhibited a comparable
degree of autofluorescence.

To aid in preventing damage to healthy tissue during diag-
nostic US, the upper limit of the mechanical index (MI) was
defined as 1.9 by the FDA. The MI was originally defined for
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frequencies higher than 800 kHz. Nevertheless, we opted to
use it in the absence of an alternative safety metric for low-fre-
quency therapeutic US. Here, an upper PNP limit of 800 kPa
resulting in an MI of 1.6 was chosen. This was done to ensure
that the PNP remained below the FDA’s MI limit. In a recent
publication we showed that low frequency insonation of
tumors without NBs at these settings did not cause mechani-
cal damage to the tumor and that our treatment combining
low frequency US and NBs did not impact other internal
organs."’

The optimal uptake was observed between 300 kPa and 500
kPa, and no significant difference was found between these
pressures for all the tested FITC sizes. Increasing the PNP to
800 kPa led to decreased uptake for all FITC molecules tested
(Fig. 3B, 4B and 5B). The NB concentrations were calibrated
for FITC 4 kDa sonoporation at a fixed pressure of 300 kPa for
all tested concentrations. The initial concentration of NBs was
1.29 x 10”7 NBs per pL, and five additional concentrations (2, 4,
8, 12, and 16 times the initial concentration) were tested. The
optimal concentration of NBs was found to be 12 times the
initial concentration, since higher concentration decreased the
uptake. It should be noted that that our optimal concentration
of 12x was tailored to our specific setup and may exhibit vari-
ations when applied in different experimental configurations.
The results showed that the combination of US and NBs
increased cellular uptake significantly compared to all the
other control groups including sham (p < 0.0001), free MBs
(mixed) + US (p < 0.0001) and 12x NB only (p < 0.0001). In
addition, the uptake after free MB insonation was slightly
higher than the sham group, but the results were not signifi-
cant (p > 0.05) (Fig. 2B). It should be noted that there is a sig-
nificant difference between MBs and NBs in the context of
in vitro assays, because proximity to the cells plays a crucial
role.>**® MBs tend to float, which accounts for the lack of
increased uptake after free MBs insonation. In a previous
study, it was shown that free MBs + US did not affect cell viabi-
lity.>* To achieve close proximity to the cell membrane, cell-tar-
geted MBs were used. In contrast, NBs are neutrally buoyant
and move in Brownian motion within the suspension,®® so
that the NBs used in this study were free and untargeted. One
of the key objectives of this research was to investigate how the
molecular size of fluorescence molecules influences their cel-
lular uptake when subjected to sonoporation. By maintaining
the NB concentration identical across the multiple FITC mole-
cules delivery experiments, we could isolate the specific influ-
ence of molecular size on cellular uptake. To maximize the
uptake of each individual molecule, it may be necessary to
adjust the NB concentration. However, increasing the concen-
tration might lead to a further reduction in cell viability.
Therefore, finding a balance between molecule uptake and cell
viability will be essential.

NB-mediated sonoporation was able to achieve a similar
sonoporation efficacy as TMB for the same pressures and all
groups tested (p > 0.05). The only exceptions were the 800 kPa
pressures for FITC 4 and 20 kDa, where the TMBs groups
showed significantly higher uptake ratios (*p < 0.05). However,
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the maximal uptake was observed at lower PNPs (300-500 kPa)
(Fig. 3B, 4B and 5B). These results suggest that although NBs
are smaller in diameter by an order of magnitude compared to
TMB, they evidence similar sonoporation abilities, whereas
NBs were free and did not require any targeting procedures
unlike the TMBs. The TMB concentration in each 0.5 mL
Eppendorf tube before the US treatment was 2.6 x 10* TMBs
per pl. This translates to an estimated ratio of approximately
5960 NBs/TMBs. However, several factors constrain the validity
of this comparison. Firstly, this ratio was calculated based on
the concentrations of NBs and TMBs obtained from our
AccuSizer FX-Nano particle sizing system, which is unable to
differentiate between bubbles and liposomes. Therefore, the
actual concentration of NBs is likely lower, potentially altering
the NBs/TMBs ratio. Additionally, it’s worth noting that NBs
are non-targeted in contrast to TMBs. As a result of their close
cell proximity and their larger gas volume, it is likely that the
TMB exhibit a more potent effect. A direct comparison could
be made using targeted NBs, which might reduce the NB
concentration.

In terms of cell viability, viability decreased to 22.87 +
1.01% with treatment using TMBs alone, while the only NBs
group showed no significant difference compared to the sham
group (102 + 1%), which suggests that NBs are less toxic than
TMBs (Fig. 6). Since the viability assessment was conducted
after 24 hours and due to the low stability of the TMBs
attached to the cells (Fig. S1}), the TMB only group had
enough time to attach to the plate. The viability results of the
NBs treatment at the same pressures showed no significant
difference for all groups tested (non-significant, p > 0.05) com-
pared to the viability results with the TMB-mediated treatment,
except for the 200 kPa treatment. At this pressure, the viability
for the NB group was significantly higher than the TMB group
(42.2 + 1.6% vs. 11.3 = 1.6%, ****p < 0.0001) (Fig. 6). This high
viability rate with a significant uptake at 200 kPa may be
useful in gene therapy applications that require high survival
rates and uptake to modify target cells such as immune cells,
muscle cells and endothelial cells. Several limitations of this
study require mention. The first is that it did not explore the
impact of molecular targeting on NBs, which could potentially
further enhance the method and will be explored in future
studies. It also did not explore the delivery of therapeutic mole-
cules but instead used fluorescent markers of different sizes as
a proxy for sonoporation efficacy. Sonoporation of drugs or
genetic material should be studied in future work. Finally, the
method was only verified in vitro. In vivo, several additional
factors may impact the effectiveness of sonoporation, includ-
ing the viscoelasticity of the surrounding media,® the shape
and connections of the cells,®® and various other variables.
Moreover, the NB concentration within the tumor will likely to
be different, and this will be optimized as part of a follow up
study. However, we can say that in a previous work that
focused on mechanical fractionation of tumors using NBs, we
were able to achieve significant bioeffects with a systemic
injection of NBs (ref. 19). Therefore, we can anticipate that a
sufficient amount of NBs can reach the tumor for sonopora-
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tion. Moreover, previous studies involving US insonation below
250 kHz have demonstrated a strong correlation between
in vitro and in vivo outcomes.>'®?* The optimization results
presented here will be applied to future in vivo research which
will evaluate the delivery efficiency of NBs-mediated low-energy
sonoporation when combined with low-frequency US specifi-
cally in a mouse tumor model.

4. Conclusions

In this study, we developed a low-frequency NB-mediated sono-
poration method and optimized the relationship between inso-
nation parameters and the size of the delivered molecule.
Using the same acoustical configuration for all molecules
tested enables direct comparisons of uptakes for these mole-
cules. Our work can thus serve as an effective platform for
non-invasively delivering large molecules with high spatiotem-
poral precision. The results indicated that the optimal PNP for
delivering molecules with a center frequency of 250 kHz was
between 300 kPa and 500 kPa. The highest percentage of fluo-
rescent cells was observed for the smallest molecule, which
decreased as the molecule size increased. Overall, the use of a
low frequency and a low MI enables the efficient delivery of
molecules of different sizes, while reducing cancer cell viabi-
lity. This approach could thus be used in the future as a com-
bined method to maximize the therapeutic benefits of cancer
treatment.

5. Experimental methods
5.1. Microbubble and nanobubble synthesis

NB synthesis was performed as described in.'*®® 1,2-
Dibehenoyl-sn-glycero-3-phosphocholine (C22), 1,2-dipalmitoyl-
sn-glycero-3-phosphate  (DPPA), 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine (DPPE), and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy( polyethylene glycol)-2000]
(ammonium salt) (DSPE-mPEG 2000) (Sigma-Aldrich) were dis-
solved in propylene glycol through a process involving heating
to 80 °C and sonicating. Before being added to the lipid solu-
tion, glycerol was combined with a preheated phosphate
buffered saline (PBS) solution at 80 °C. The final lipid concen-
tration obtained was 10 mg mL ™" with a lipids molar ratio of
18.8:4.2:8.1:1. The solution was finally sonicated for
10 minutes at room temperature. A 2 mL headspace vial was
used to transfer 1 mL of the resulting solution, which was then
saturated with octafluoropropane (C;Fg) gas. After capping and
sealing the vials with a rubber septum and an aluminum seal,
they were stored at 4 °C until use. Before experiments, the vial
was shaken for 45 seconds for activation using a Vialmix
shaker (Bristol-Myers Squibb Medical Imaging Inc.,
N. Billerica, MA). The inverted vial was then centrifuged
(5810R centrifuge, Eppendorf AG, Hamburg, Germany) at 50 g
for 5 minutes. Using a 21 G needle, 200 pL of the NB solution
was drawn from the inverted vial, approximately 5 mm from
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the bottom. The MBs and TMBs used in the control groups
were synthesized according to.**??® The sizes and concen-
trations of the purified MBs, TMBs and NBs were measured
using the AccuSizer FX-Nano particle sizing system (Particle
Sizing Systems, Entegris, MA, USA). The mean diameters of
the NBs and MBs were found to be 170 + 60 nm and 1.67 +
0.97 pm, respectively. The bubbles were used within three
hours of preparation and the size distributions and concen-
trations showed variations of less than 10% between
measurements.

5.2. Cell preparation

The 4T1 cells, a triple negative murine breast carcinoma cell
line characterized by metastatic behavior, were acquired from
ATCC (CRL-2539). The cells were grown in T75 tissue culture
flasks, which contained RPMI 1640 i-Glutamine (+) sup-
plemented with 10% fetal bovine serum and 1% penicillin-
streptomycin. The culture was maintained at 37 °C in a
humidified 5% CO, incubator. On the day of each experiment,
the cell confluency reached approximately 85%. TrypLE
Express dissociation reagent (Gibco Corp, 12604-013, Grand
Island, NY, USA) was used for cells collection. The cells were
then suspended in degassed PBS containing calcium and mag-
nesium (PBS+/+) at a concentration of 6.67 x 10° cells per mL.
Cells were counted using the CellDrop device (DeNovix Inc.,
Wilmington, USA).

5.3. Low frequency ultrasound setup

The US setup was described in.>'®*® Briefly, a 0.5 mL
Eppendorf tube containing 4T1 cells, NBs and fluorescent
molecules in PBS+/+ was placed at the focal point of a single-
element transducer with spherical focusing (H115, Sonic
Concepts, Bothell, WA, USA). The transducer positioned at the
base of a water tank and focused at 45 mm. The water that
filled the tank were distilled and degassed. The transmitted
waveform was generated using a transducer power output unit
(TPO-200, Sonic Concepts). The TPO unit combined an arbi-
trary waveform generator and a radiofrequency amplifier. A 30
s insonation treatment at a center frequency of 250 kHz was
performed on each tube at PNP that ranged from 200 to 1350
kPa. To calibrate the transmitted pressure, measurements were
conducted using a calibrated needle hydrophone (NHO0500,
Precision Acoustics, UK).

5.4. Sonoporation experiments

Fluorescent molecules with a size ranging from 1.2 kDa to
70 kDa were employed to assess the delivery to 4T1 breast
cancer cells. 7-Aminoactinomycin D (7-AAD) (Thermo Fisher
Scientific, A1310), a 1.2 kDa fluorescent dye that exhibits a
spectral shift when it binds to DNA, Fluorescein isothio-
cyanate-dextran  average molecular weights 4 kDa
(FITC-Dextran 4) (46944, Sigma-Aldrich), FITC-Dextran 20 kDa
(Sigma-Aldrich, FD20), and FITC-Dextran 70 kDa (Sigma-
Aldrich, 46945) were the investigated fluorescent molecules for
sonoporation (5 pg ml™" 7-AAD or 1 mg ml™" FITC-dextran).
For the 7-AAD and FITC-Dextran 4 kDa experiments, the US
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treatment was conducted immediately after the addition of the
fluorescent material to the 0.5 ml Eppendorf tube, in order to
avoid undesirable cellular uptake due to the molecules’ small
size. A mixture of 2.5 x 10> cells, sonoporated material and
NBs, MBs or TMBs (at various tested concentrations, as
described below) was transferred to 0.5 mL Eppendorf tubes.
Subsequently, degassed PBS+/+ was added to achieve a final
volume of 0.48 mL and a 250 kHz US treatment was then
applied to the tubes, using the previously described low fre-
quency US setup, with a pulse repetition frequency of 30 Hz
and a 1.56 ms burst length. In the 7-AAD sonoporation experi-
ments, after US insonation, Hoechst (33342, Abcam) was
added to the tube to enable total cell counting of the sample
(at a concentration of 10 pg ml™"). Subsequently, the suspen-
sion was transferred to a 35 mm cell culture dish (430165,
Corning) and examined under a fluorescence microscope (10x
magnification). Imaging of the cells was performed using a
bright field, a DAPI filter, and a mCherry filter. For analysis, a
total of seven images were captured from different locations
within the culture dish.

In the FITC-Dextran sonoporation experiments, the FITC
molecules need to be present in the suspension during sono-
poration, which induces the formation of pores in the cell
membrane. Following US sonoporation, the cells were trans-
ferred to a pre-prepared 24-well plate (3526, Corning) filled
with 300 pl of complete culture media (2.5% penicillin-strepto-
mycin). The plate was subsequently placed in a humid 5% CO,
incubator and incubated at 37 °C for a duration of 24 hours.
Each well was then thoroughly rinsed three times with PBS+/+
to remove non-delivered FITC molecules, and then media were
added. The cellular uptake and viability were visualized and
quantified using the IncuCyte Live-Cell Analysis System (Essen
Bioscience). Each group’s experiments were performed in
triplicate. For the NB optimizations experiments, a consistent
treatment duration of 30 seconds was administered. This treat-
ment duration was optimized in a previous study.'® For NB
concentration optimization, the concentrations tested were
1.29 x 107 NBs per pL (1x), 2.58 x 10" NBs per puL (2x), 5.16 x
107 NBs per pL (4x), 1.03 x 10® NBs per pL (8x), 1.55 x 10 NBs
per pL (12x) and 2.06 x 10° NBs per L (16x). The control
groups were composed of a sham group, Free MB (mixed) + US
at a concentration of 50 MB per cell, US treatment only and NB
only (using the optimal NB concentration of 1.55 x 10° NBs
per pL). In the free MB experiments, the MB suspension was
mixed immediately before US application to increase the proxi-
mity between the MB and the cells. In the FITC 4 kDa, 20 kDa
and 70 kDa sonoporation experiments, the TMBs were added
to the cell mixtures at a concentration of 50 TMB/cell as
described in.**>%?

5.5. Data analysis

To analyze the 7-AAD sonoporation experiments, the following
steps were performed using the Image] software: each micro-
scope image was uploaded, the image type was converted to
16-bit, the threshold was adjusted to enhance the visibility of
the stained cells and remove the background. Each experiment
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was performed in triplicate, with a total of 7 images captured
in each repetition, resulting in 21 images analyzed for each
group. The fraction of fluorescent cells was determined by cal-
culating the percentage of 7-AAD-stained cells (red) divided by
the total number of cells (Hoechst-blue-stained cells). The
FITC sonoporation experiments were analyzed using the
IncuCyte Live-Cell Analysis System (Essen Bioscience). For
each well, sampling was carried out 25 times at a magnifi-
cation of 20x. The calculation involved normalizing the green
confluence (green cell area) by the phase confluence (total cell
area). GraphPad Prism 9 software was utilized for statistical
analysis. Significance was determined for P values <0.05,
which were adjusted for multiple comparisons as specified in
the figure captions. The results are presented as the mean +
SD.
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