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ARTICLE INFO ABSTRACT

Keywords: Microbubble-assisted ultrasound can improve the delivery of drugs to tumors by temporarily opening biological
Sonopermeation barriers, a process commonly referred to as sonopermeation. The type of microbubbles plays a key role in this
Ultrasound context, with size distribution and the associated degree of polydispersity being important determinants of
pMBifrIZbubbles treatment efficiency, as a broad size distribution makes it difficult to control the induced effects. Poly(butyl
Doxil cyanoacrylate) (PBCA) microbubbles have been shown to be suitable for sonopermeation applications due to
Tumor their narrow, tunable size distribution and unique acoustic response profile. In this study, we investigated their

potential to improve the anti-tumor efficacy of liposomal nanomedicines. First, we demonstrated that PBCA
microbubble-assisted sonopermeation enhances the penetration of cell layers and the cellular uptake of 70 kDa
dextran in vitro. The extravasation of dextran was also promoted in orthotopic murine breast tumors due to
increased vascular and stromal permeability. Importantly, combining our sonopermeation protocol using PBCA
microbubbles with low-dose Doxil therapy resulted in improved tumor responses, reflected by an inhibition of
tumor growth, enhanced apoptosis and reduced cancer cell proliferation. Thus, this study underlines the ther-
apeutic potential of PBCA microbubble-assisted sonopermeation and paves the way for further translational

research.

1. Introduction

Micrometer-sized gas-filled particles, known as microbubbles (MBs),
are responsive to ultrasound (US) and thereby mechanically interact
with their environment in versatile ways [1,2]. MB and US (MB-US)
assisted drug is extensively studied to improve the therapeutic outcome
of cancer therapy, enabling the spatially and temporally controlled
release of therapeutic agents thereby increasing the accumulation of
drugs in the tumor tissue, with the aim of reducing the administered
dose to alleviate side effects [3-6]. The applied technique is part of a
broader trend towards minimally invasive [3], function-preserving in-
terventions, as addressed in other contexts [7]. This is achieved by
opening biological barriers, such as tumor vessels or tumor cell mem-
branes, among others, barriers that might impede the delivery of
nanomedicines [8]. The underlying mechanisms have been mainly
elucidated in in vitro experiments and were found to rely on cellular
processes such as the opening of cell-cell contacts, generation of

transcellular (tunnels) and membrane pores, and the enhancement of
endocytic activity, commonly summarized as sonopermeation and
sonoporation, respectively [9-11].

Preclinical studies in different cancer types have reported increase in
penetration depth of nanomedicines [12], enhanced anti-tumor effects
owing to augmented delivery of chemotherapeutic drugs [13-17] or
genes downregulating tumor-specific pathways [18,19] upon MB-US
treatment. Subsequently, the safety of MB-US treatment in humans
was confirmed [20], and following clinical trials have been focused on
improving therapeutic outcomes in cancer patients. For instance,
chemotherapy treatment of patients with unresectable pancreatic cancer
has been more effective in comparison to a retrospective cohort [21] and
has led to enhanced shrinkage of breast tumors [22] after MB-US
treatment. The used commercial lipid MBs (SonoVue) were excited at
low US intensity (mechanical indices < 0.3) to induce either stable
cavitation (non-destructive responses) [21] or both stable and inertial
cavitation (non-destructive and destructive responses) [22]. Other
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studies used higher US intensities (mechanical indices between 0.5 and
0.8) to induce inertial cavitation (destructive responses) of commercial
lipid MBs (SonoVue). However, high-intensity MB-US treatment in
breast cancer patients receiving neoadjuvant therapy did not improve
tumor perfusion or tumor response [23]. Similar results were described
in a clinical trial enrolling patients with liver metastases, in which the
MB-assisted US treatment did not enhance the anti-tumor effect [24].

Yet, there is no clear consensus on whether non-destructive or
destructive MB responses are more beneficial in stimulating biological
effects in vivo. Researchers have postulated that destructive MB re-
sponses lead to unwanted vascular ablation [23], although efficient drug
accumulation after inducing vascular breakdown in breast cancer xe-
nografts in mice was reported [23,25]. Others, in turn, concluded that
non-destructive MB responses are more beneficial for therapeutic pur-
poses, due to a reduced risk of tissue damage and prolonged interaction
times of the responding MBs with the targeted tissue [26].

Besides the US settings, the properties of the MBs (e.g. size distri-
bution and response profile) strongly influence the biological effects. In
particular, polydispersity, as present in most lipid MB formulations, has
been identified as a determinant of effect efficiency [27], among other
factors [28,29]. These broadly size-distributed (polydisperse) MBs are
characterized by a wide range of resonance frequencies, as these are
dependent on the MB diameter and the strongest MB response is
observed at the resonance frequency. Although polydispersity ensures
compatibility with different transducers for diagnostic purposes, MB
formulations with narrow size distributions are preferable for thera-
peutic applications [23] as they increase safety, robustness and repro-
ducibility of the technique.

The in vivo studies mentioned above have used broadly size-
distributed MBs in combination with different US settings and US
transducers to trigger different MB responses. This variety most likely
resulted in the stimulation of different biological effects and may ac-
count for the inconsistent results reported.

With this in mind, polymeric MBs were found to be promising for
MB-assisted US treatment due to their adjustable size distribution,
making them more easily controllable in biological environments.
Recently, we characterized the US response of narrow size-distributed
commercial poly(butyl cyanoacrylate) MBs (PBCA-MBs) and their abil-
ity to induce biological effects in vitro compared to commercial lipid MBs
(SonoVue). The results demonstrated compression-driven US responses
and bursting at acoustic pressures > 500 kPa (1 MHz), both of which
induced biological effects [30]. Previous studies using PBCA-MBs
proved their safe application in small [31-33] and large animal
models [34], as well as their ability to permeate the blood-brain barrier
[35,36] and peripheral tumors [33,37].

The present study is the first to evaluate the therapeutic potential of
sonopermeation with PBCA-MBs. After studying the biological effects in
vitro (Fig. 1 A), we investigated whether PBCA-MBs-assisted sono-
permeation efficiently enhances extravasation into tumor tissue by
opening biological barriers (Fig. 1 B) and improves the response of
orthotopic murine breast cancer to doxorubicin-loaded liposomes
(Doxil) (Fig. 1 C). Here, we show that combining PBCA-MB-mediated
sonopermeation with low-dose Doxil therapy significantly improved
drug response. These findings demonstrate the clinical potential of
PBCA-MBs for sonopermeation-assisted drug delivery and support their
further translation to advance cancer therapy.

2. Materials and methods
2.1. Invitro experiments

2.1.1. Cell culture and sample preparation

Human umbilical vein endothelial cells (HUVEC) and 4T1 triple-
negative breast cancer cells were purchased from PromoCell (Heidel-
berg, Germany) and ATCC (LCG Standards, Wesel, Germany), respec-
tively, and cultured under standard conditions (37°C, 5% CO2 and
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humidified atmosphere).

HUVEC were cultured in VascuLife basal medium (LifeLine Cell
Technology, Troisdorf, Germany) using passages 3 — 7. For detachment,
cells were treated with trypsin (0.25 % in 0.05 % EDTA) for no longer
than three minutes and the cell suspension was adjusted to a concen-
tration of 5 x 10°/ml. A volume of 70 pl of cell suspension was added to
the basolateral surface (Fig. 1 A.1) of cell culture inserts (Falcon cell
culture inserts, catalog no. 353096, Corning, Kaiserslautern, Germany)
by placing them upside down. The insert membrane was coated over-
night prior to seeding with collagen G1 solution (Matrix Bioscience,
Morlenbach, Germany) with an equivalent amount of 10 pg/cm?
collagen, according to the manufacturer’s recommendations [38]. After
the addition of the cell suspension, the inserts were kept upside down in
the incubator for four hours. Finally, the inserts were inverted and
0.8 ml and 0.35 ml VascuLife medium were added to the basolateral and
apical chambers, respectively. The cells were cultured for three days to
reach confluence. The medium was replaced twice during this time.

4T1 cells (passages 33 — 38) were cultured in Roswell Park Memorial
Institute (RPMI) medium supplemented with 10 % fetal bovine serum
(FBS) and 1 % antibiotics (penicillin and streptomycin (P/S)) until
reaching approximately 80 % confluence. The cells were detached by
trypsinization (0.25 % in 0.05 % EDTA, 3 min) and replated onto the
apical surface (Fig. 1 A.2) of poly-D-lysine (0.1 mg/ml) coated cell
culture inserts using 70 ul of cell suspension at a concentration of
7 x 10°/ml. After cell seeding, 1 ml and 0.5 ml cell culture medium
(RPMI + 10 % FBS + 1 % P/S) were added to the basolateral and apical
compartments of the cell culture insert, respectively. The cells were
incubated for a total of three days to reach confluence. The medium was
changed twice during this period.

2.1.2. Focused US set up

A previously established focused US (fUS) setup [30,39,40] was
used, consisting of a waveform generator (33612 A, Keysight, Penang,
Malaysia), a second waveform generator with an integrated oscilloscope
function (SDS 1202X+, Siglent, JR Special Electronics, Helmond, The
Netherlands), which was coupled to a radiofrequency broadband
amplifier (AG 1021 LF, T&C Power Conversion, Inc., New York, USA). A
custom-made matchbox was used to amplify the electrical excitation
signal and to connect the single-element fUS transducer
(V314-SU-F1.00in-PTF, Evident Europe GmbH, Hamburg, Germany,
1 MHz center frequency, 25 mm focal length) to the amplifier. A water
tank filled with Milli Q water was used to sonicate samples in a lumox
well plate (lumox multiwell, Sarstedt AG & Co. KG, Niimbrecht, Ger-
many) with the fUS transducer mounted vertically from below and the
bottom of the lumox well plate immersed in the water. The distance to
the transducer was adjusted to its focal length of 25 mm to align the
sample with the focal point.

2.1.3. MB-fUS treatment of HUVEC and 4T1 cells

HUVEC or 4T1 monolayers on cell culture inserts were exposed to
MB-assisted fUS treatment (MB-fUS) to induce sonoporation or sono-
permeation effects (Fig. 1 A-A.2). Sonoporation was evaluated based on
cellular uptake of 70kDa dextran, whereas sonopermeation was
assessed by transendothelial/-epithelial electrical resistance (TEER)
measurements and diffusion of 70 kDa dextran across the cell mono-
layers (Fig. 1 A.3). A sample size of n = 3 was scheduled for each cell
line and for each readout method. Control samples were sham-treated by
handling-only and carried along in the same number.

The previously described fUS setup was used to generate a 10-cycle
sine wave at 1 MHz with a pulse repetition of 2 kHz, which was applied
for 2's. The setup was previously calibrated using a 1 mm needle hy-
drophone (Precision Acoustics, Dorchester, UK) placed inside the lumox
well plate [39] to obtain an in situ peak negative pressure (PNP) of 600
kPa. Our previous results on PBCA-MBs ultrasound responses showed
MB bursting at PNP > 500 kPa, which induced significant biological
effects [30]. Here, we selected a PNP slightly higher than 500 kPa to
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In vitro microbubble-focused-ultrasound (MB-fUS) treatment
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Fig. 1. HUVEC and 4T1 monolayers were treated with microbubble-focused-ultrasound (MB-fUS) using poly(butyl cyanoacrylate) (PBCA) MBs to induce sonopo-
ration and sonopermeation effects (A.1-A.3). PBCA-MB-fUS was applied to murine tumors, to enhance the extravasation of dextran (B.1-B.3) and assess the impact on

a low-dose Doxil therapy (C.1 +C.2).
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compensate for tissue attenuation during the intended in vivo applica-
tion. With a driving frequency of 1 MHz, this gives a mechanical index of
0.6, which is still far below the clinical threshold of 1.9.

Sonoporation experiments were performed in 300 pl of cell culture
medium containing Rhodamine B-labeled 70 kDa dextran (0.25 mg/ml
in PBS), wheat germ agglutinin (WGA, Alexa Fluor 488, 5 ug/ml), and
Hoechst 33342 solution (1 pg/ml). Dextran was used to detect sonopo-
ration, while WGA and Hoechst were used to stain the cell membranes
and nuclei, respectively. Next to that, 2 x 107 commercially available
PBCA-MBs (SonoMAC-r, SonoMAC GmbH, Aachen, Germany) in 50 pl
cell culture medium were added to the mixture and activated with fUS as
described. The PBCA-MBs float up on the surface of the liquid in the well
to ensure direct contact of the MBs with the cells (HUVEC on basolateral
surface) or insert membrane (4T1 on apical surface). After treatment,
the samples were kept in the staining solution for two more minutes and
washed in PBS. The insert membrane was cut out and imaged using
fluorescence microscopy at 10 x magnification (Axio Imager M2, Carl
Zeiss Microscopy, Oberkochen, Germany). The area fractions of dextran
were determined using the ImageJ software (ImageJ 1.53q, Wayne
Rasband, National Institute of Health, USA) and normalized to the WGA
signal. The different color channels were processed separately and the
Otsu threshold method [41] was used to quantify the area fraction of
intracellular dextran by creating a binary mask. Cell viability of the
samples was confirmed by live/dead staining using fluorescein diacetate
(5 mg/ml) and propidium iodide (2 mg/ml).

Cell layer integrity was assessed by TEER measurements and evalu-
ation of 70 kDa dextran diffusion across the monolayer. TEER mea-
surements were performed using an epithelial/ endothelial volt/
ohmmeter (EVOM2) with an STX4 electrode (World Precision In-
struments Germany GmbH, Friedberg, Germany). MB-fUS treatment was
performed in 300 pl cell culture medium mixed with 2 x 10”7 PBCA-MBs
in 50 pl cell culture medium. The baseline TEER was acquired before the
treatment and TEER was reassessed immediately after treatment and
after two hours. The detected change in TEER was calculated as a per-
centage change, with the baseline considered as 100 %. TEER values
were normalized to the growth area of the cell culture insert (0.33 cm?),
and the system blank was subtracted.

To assess the diffusion of 70 kDa dextran across the cell monolayer,
cells were exposed to MB-fUS treatment as described above for TEER
measurements. Subsequently, the cells were returned to the culture
multiwell plate, and 100 ul Rhodamine B-labeled 70 kDa dextran solu-
tion (0.25 mg/ml in PBS) was added to the basolateral compartment and
samples were placed back in the incubator. After 15 min and two hours,
a 50 pl aliquot was taken from the apical compartment. The fluorescence
intensity of the medium aliquots was measured using a Tecan plate
reader at 570/590 nm (excitation/ emission), and the system blank was
subtracted.

2.2. MB-fUS treatment of tumor-bearing mice

All animal experiments were conducted in compliance to the Euro-
pean Directive 2010/63 on the protection of animals for scientific pur-
poses. The ethical committee of the governmental authority the German
State Office for Consumer Protection and Food Safety (LAVE) North
Rhine-Westphalia, Germany) formally approved the conduct of the
described experiments (reference number: 80-02.04.2020.A204).

2.2.1. Tumor inoculation

Female Balb/cAnNRj mice aged 10 — 12 weeks (19 — 23 g) (Janvier
Labs, Saint Berthevin, France) were housed in groups of 3 — 5 animals
under specific pathogen-free conditions with a 12 h light/dark cycle. A
temperature of 20 — 24 °C and a relative humidity of 45 — 65 % were
maintained according to the guidelines of the “Federation for Laboratory
Science Associations”. Sterilized standard pellets and acidified water
were provided ad libitum. Animals were left undisturbed for one week
for acclimatization until enrolment in the experiment. All anesthetic
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procedures were performed using inhalation isoflurane anesthesia at
5 % for induction and 2 % for maintenance in oxygen-enriched air. All
intravenous injections were performed in a lateral tail vein using 30 G
catheters, which were flushed with 0.9 % sodium chloride (NaCl) solu-
tion before and after injections.

The syngeneic triple-negative mammary carcinoma 4T1 was inocu-
lated into the right, fourth mammary fat pad by injection of 4 x 10* 4T1
cells in 50 pl cell culture medium. The 4T1 cells were cultured over one
week prior to injection and used when they reached approximately 70 %
confluence. The mice were monitored daily, including tumor size mea-
surements, using a caliper.

2.2.2. Extravasation of rhodamine B-labeled dextran

The aim of this experiment was to assess the influence of MB-fUS
treatment on the permeability of tumor vessel walls by evaluating the
extravasation of fluorescently labeled dextran. When the tumors
reached a diameter of 4 — 6 mm, the experiment was started and MB-fUS
treatment was compared with controls. Two cohorts were scheduled to
assess the extravasation of dextran immediately after the treatment (day
0, Fig. 1 B.1) or two days after the treatment (day 2, Fig. 1 B.2). Thus, 20
mice were randomly assigned to four groups (using random numbers in
Excel, n = 5 per group): MB-fUS (day 0), control (day 0), MB-fUS (day
2), and control (day 2). On day 0, both MB-fUS cohorts (day 0 and day 2)
were subjected to MB-fUS treatment (Fig. 1 B.4+B.2). Same number of
control animals were scheduled and underwent only isoflurane anes-
thesia without application of the MB-fUS treatment.

MB-fUS treatment was performed using the same fUS system as
previously described for the in vitro experiments. The US settings were
identical to the in vitro experiments except for a prolonged exposure time
of 1 min. The mouse was positioned in supine with the right hip slightly
elevated to expose the tumor in the right groin. The fUS transducer was
placed over the tumor at a distance of 25 mm from the tumor center to
the transducer surface and the gap was closed with US gel. Concurrently
with the fUS application, 1 x 10% PBCA-MBs (SonoMAC-r, SonoMAC
GmbH, Aachen, Germany) in 50 pl PBS (equivalent to 2 x lOg/ml) were
injected intravenously. Mice in the cohort day O were euthanized on the
same day after the respective treatment (Fig. 1 B.1) whereas animals in
the day 2 cohort were kept for a further two days (Fig. 1 B.2).

Fifteen minutes before the euthanasia of each animal, 100 ul of
Rhodamine B-labeled 70 kDa dextran (10 mg/ml in PBS) was injected
intravenously to detect effects on vascular permeability. Additionally,
70 ul of fluorescein isothiocyanate (FITC)-labeled lectin was injected
intravenously to visualize perfused vessels. Immediately before eutha-
nasia of each animal, blood was collected retrobulbar and processed on
the same day. Animals were euthanized by cervical dislocation and
dissected, tumors removed and snap frozen in Tissue-Tek.

2.2.3. MB-fUS-assisted Doxil therapy

To evaluate the influence of MB-fUS treatment on the anti-cancer
effect of a commercial chemotherapeutic agent (Doxil), 15 mice were
randomly allocated to three different groups (n =5 per group) using
random numbers in Excel. When the tumors reached a diameter of 4 —
6 mm, therapy was initiated on day O and repeated on day 6, the
experiment was terminated on day 10 (Fig. 1 C.1). The first group
received intravenous injections of Doxil (2 mg/ml) at 5 mg/kg body
weight combined with MB-fUS treatment (Doxil MB-fUS group) as
explained in the previous section. In the second group, only Doxil
(2 mg/ml, 5mg/kg body weight) was injected intravenously (Doxil
group). Mice of the third group received intravenous injections of 50 pl
0.9 % NaCl solution (NaCl group). Fifteen minutes before the euthanasia
of each animal, 70 pl of FITC-labeled lectin was injected intravenously
to detect perfused vessels. Animals were euthanized by cervical dislo-
cation, tumors were excised and preserved in Tissue-Tek at — 80°C.
Tumor volumes were calculated based on daily caliper measurements as
volume = (length x width?)/2, with the longest dimension applied as
the length and all dimensions given in [mm].
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2.3. Ex vivo analysis

2.3.1. Histological quantification of intra-tumoral dextran

To quantify the amount of extravasated dextran, 8 pm thick cryo-
sections were prepared. The tumor sections were analyzed by fluores-
cence microscopy at 40 x magnification (N.A. = 0.95). For image
acquisition, first, a perfused vessel (FITC-stained) was selected in the
green channel to avoid bias, and then the signal of the dextran in the red
channel was captured. Twenty images, obtained from two cryosections
from the tumor center were evaluated per animal. The fluorescence
intensity of dextran was analyzed using the Imalytics Preclinical soft-
ware (Gremse-IT, Aachen, Germany) by segmenting the vessels in the
image and defining three regions around the vessel at different distances
(12, 24, and 36 um). The fluorescence intensity was determined as a
function of the distance from the nearest vessel. Vessel segmentation
was based on the injected FITC-lectin, which binds to the endothelial
cells in the vessel wall. The segmented area includes both the vessel wall
and vessel lumen. Here it is important mentioning, that the vessels
collapsed due to the blood withdrawal immediately before euthanasia,
resulting in a negligible lumen space and the dextran quantified at the
vessel was colocalized with FITC-lectin and the vessel wall. An example
of the segmentation of the vessels and the definition of the three dis-
tances is shown in Fig. 2. A tumor section without dextran was imaged in
the same way to correct for background noise and autofluorescence.

2.3.2. Detection of circulating tumor cells in mouse blood after MB-fUS
treatment

In order to detect the appearance of circulating tumor cells in the
blood after sonopermeation, an assay was performed according to a
protocol previously published by Pulaski and colleagues [42]. Briefly,
500 pl mouse blood was diluted in 10 ml of Hank’s Balanced Salt So-
lution and centrifuged at 1500 rpm for five minutes. The supernatant
was then removed and this washing step was repeated. The remaining
cell pellet was resuspended in 10 ml of cell culture medium (RPMI +
10 % FBS and 1 % P/S) supplemented with 60 uM of the cytostatic drug
6-thioguanine, to which 4T1 cancer cells are resistant. The cell sus-
pension was transferred to a cell culture flask and left undisturbed in the
incubator (37°C, 5 % CO5 in a humidified atmosphere) for two weeks.
After this time, the medium was replaced with PBS and 4T1 cell colonies
were counted by bright field microscopy. As a positive control, 4T1 cells
seeded in 6-well plates (n = 9) were cultured with the same medium and
a lactate dehydrogenase assay was performed to assess viability.

2.3.3. Histological analysis of tumor vessels after dextran extravasation

For histological analysis of tumor tissue, 8 um thick cryosections
were immunohistologically stained. The tumor vasculature was stained

A Original image of FITC
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using a CD31 antibody to determine the absolute number of vessels. The
fraction of perfused vessels was analyzed as the percentage of vessels
stained with FITC-lectin of all CD31-stained vessels. Analyses were
performed on 15 fluorescence microscopy images per animal using
ImageJ. A detailed description of the antibodies and staining protocol is
provided in supplementary data Tables S1 and S2.

2.3.4. Histological analysis of Doxil therapy outcome

Cryosections of 8 um in thickness were used to detect microscopic
changes in the tumor tissue after the Doxil therapy. We analyzed the
tumor vasculature (CD31), macrophage infiltration (F4/80), apoptotic
activity (active Caspase 3), tumor cell proliferation (KI67), and remod-
elling of the tumor microenvironment (VEGF and MMPs). A detailed
description of the antibodies and staining protocol can be found in
supplementary Tables S1 and S2. In total, 15 fluorescence images (five
different cryosections and three images per section) were analyzed per
tissue marker and mouse using ImageJ software. The red channel with
the respective marker was processed separately from the others and the
Otsu threshold method [41] was applied to determine the area.

2.4. Statistical analysis

Statistical analyses were performed using GraphPad Prism (Version
10.5.0). Data are expressed as mean + standard deviation. Normal dis-
tribution was confirmed by applying the Kolmogorov-Smirnov and
Shapiro-Wilk test. One-way or two-way ANOVA combined with the
Tukey’s test were used to check for statistical significance. Statistical
significance was defined as a p-value < 0.05.

3. Results
3.1. Sonoporation and sonopermeation of HUVEC and 4T1 cells

HUVEC monolayers were seeded on the basolateral surface of cell
culture inserts and upon exposure to MB-fUS treatment, sonoporation
and sonopermeation effects were observed. Sonoporation of the cell
membrane resulted in a significant cellular uptake of Rhodamine B-
labeled 70 kDa dextran compared to sham-treated control samples
(Fig. 3 A+B). Sonopermeation of the cell layer was investigated by TEER
measurements and diffusion of Rhodamine B-labeled 70 kDa dextran
across the cell monolayer. MB-fUS exposure induced a significant
decrease in TEER (Fig. 3 C) and a significant increase in the amount of
diffused dextran compared to control samples (Fig. 3 D). Two hours after
the treatment, TEER and dextran diffusion were reassessed on the same
samples and showed no significant differences from control samples
(Fig. 3 C+D), indicating recovery of the cell monolayer.

B Vessel segmentation

Vessel

Fig. 2. Example segmentation of FITC-lectin-stained blood vessels. A. Original fluorescence image of FITC-lectin-stained blood vessels. B. Segmentation of blood
vessels shown in A based on FITC-lectin signal. Three regions at defined distances (12, 24 and 36 pm) from the vessels are visualized and used to evaluate fluo-

rescence intensity of dextran dependent on the distance from the vessel.
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Fig. 3. In vitro sonoporation and sonopermeation of HUVEC monolayers. A. Representative fluorescence images of HUVEC monolayers exposed to microbubble-
assisted focused ultrasound (MB-fUS) treatment or sham treatment (control). Cell nuclei and cell membranes were stained with Hoechst (blue) and wheat germ
agglutinin (WGA, green), respectively, and sonoporation was visualized with Rhodamine B-labeled 70 kDa dextran (red). MB-fUS treated sample displays multiple
small red dots corresponding to intracellular dextran. B. Quantified area fractions of intracellular dextran reveal significantly more dextran incorporated into cells
after MB-fUS treatment compared to controls. C. MB-fUS treatment results in significantly lower transendothelial electrical resistances (TEER) immediately after
exposure as compared to sham treatment. TEER values appear to recover within two hours. D. The diffusion assay shows enhanced diffusion of dextran across the cell
monolayer after MB-fUS treatment compared to the control group. Reassessment of the diffusion two hours after the treatment shows no significant difference. Data

are expressed as mean =+ standard deviation of n = 3.

After evaluating the effects on a HUVEC monolayer, we also evalu-
ated effects on a monolayer of 4T1 cancer cells. Here, we advanced the
setup, by creating an artificial barrier (insert membrane) between the
4T1 cells and the PBCA-MBs, increasing the distance between the cell
monolayer and the PBCA-MBs by seeding the 4T1 cells on the opposite
side of the cell culture insert membrane. While for HUVEC on the
basolateral surface, the PBCA-MBs were in direct contact to them, 4T1
cells on the apical side, were separated from the MBs by the insert
membrane (refer to Fig. 1 Al +A2). With this adapted experimental
setup, we approached the actual situation in the tumor, where the MBs
are constrained to the blood vessels. The experiments revealed signifi-
cant sonoporation effects on 4T1 cells after MB-fUS treatment
(Fig. 4A+B), as well as reduced layer integrity due to sonopermeation
(Fig. 4C+D) compared to sham-treated control samples. Sonopermea-
tion effects appeared to restore within two hours, when effects were
reassessed.

We have additionally validated the biological effects in HUVEC and
4T1 cell monolayers after MB-fUS treatment at a lower acoustic pressure
(300 kPa). Next to that, we investigated whether lower PBCA-MBs
concentrations can induce (1 x107 and 5 x10%) significant biological
effects. Moreover, we evaluated the change in TEER after MB-fUS
exposure using a murine endothelial cell line (2H-11). The corre-
sponding results are supplemented in Figures S1 and S2.

In both cell lines, viability at 600 kPa was assessed by a live/dead
staining using propidium iodide (2 mg/ml) and fluorescein diacetate

(5 mg/ml). Hardly any dead cells were detected indicating that our
intervention was tolerated by the cells (supplementary Figure S3).

3.2. Enhanced in vivo extravasation of dextran after MB-fUS exposure

To assess whether MB-fUS treatment increases tumor vessel perme-
ability, 4T1 tumor-bearing mice were injected with Rhodamine B-
labeled 70 kDa dextran 15 min before euthanasia. Dextran leakage into
the tumor tissue (extravasation) was measured at two time points:
immediately after treatment and two days later.

MB-fUS application to tumors promoted significantly higher levels of
dextran at the tumor vessels (colocalized with the segmented area, based
on FITC-lectin) immediately after the treatment (day 0) compared to
control animals. Additionally, the analysis demonstrated that signifi-
cantly more dextran extravasated into the tumor tissue 12 and 36 ym
from the vessel immediately after MB-fUS exposure (Fig. 5A). Two days
after MB-fUS treatment, tumors displayed significantly more dextran at
the vessels compared to the control group (Fig. 5B, bottom), but the
amount of extravasated dextran was not significantly different between
both experimental groups (Fig. 5B).

The tumor vasculature was examined (representative fluorescence
images in Fig. 6C) by determining the number of vessels (CD31) and the
percentage of perfused vessels (FITC-lectin/CD31). The absolute num-
ber of tumor vessels was comparable between the groups (Fig. 6A). The
percentage of perfused vessels tended to decrease directly after MB-fUS
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Fig. 4. In vitro sonoporation and sonopermeation of 4T1 monolayers. A. Representative fluorescence images of 4T1 monolayers treated with microbubble-assisted
focused ultrasound (MB-fUS) or sham treatment (control) show intracellular Rhodamine B-labeled 70 kDa dextran (red) because of sonoporation. Cell nuclei were
visualized with Hoechst (blue) and cell membranes with wheat germ agglutinin (WGA, green). B. MB-fUS treated samples present significantly more dextran
incorporated into cells after MB-fUS treatment than sham-treated controls. C. Transendothelial electrical resistance (TEER) is significantly decreased immediately
after MB-fUS application as compared to the controls. TEER values appear to restore within two hours. D. MB-fUS treatment results in enhanced diffusion of dextran
across the cell monolayer compared to the control group. Reassessment of the diffusion two hours after the treatment shows no significant difference. Data are

expressed as mean + standard deviation of n = 3.

treatment than in the control group on day 0 and showed comparable
values after 2 days (Fig. 6B).

3.3. Absence of circulating tumor cells after MB-fUS treatment

Blood of mice was collected immediately before euthanasia and
processed to check for circulating tumor cells that might have escaped
into the vasculature due to vascular permeabilization by MB-fUS treat-
ment. After incubation of the cell pellet with 6-thioguanine for two
weeks, no 4T1 cell colonies were found, pointing out that MB-fUS
treatment did not induce tumor cell entry into the blood circulation
and thus did not increase the risk of metastasis. Resistance of 4T1 cells to
6-thioguanine was confirmed by a lactate dehydrogenase assay (results
are shown in supplementary Figure S4).

3.4. Augmented anti-tumor effect of a low-dose Doxil treatment

Doxil treatment of 4T1 tumors was combined with MB-fUS (Doxil
MB-fUS) to assess whether sonopermeation with PBCA-MBs enhances
the therapeutic effect of Doxil. The control groups received either Doxil
or 0.9 % NaCl injections both without MB-fUS. The tumor volumes were
assessed daily for ten days after the first treatment on day 0, which was
repeated on day 6. On day 6, one mouse in the Doxil group had to be
removed from the experiment, and data of this animal are included until
day 6. Evaluation of the absolute tumor volumes showed an initial

increase in tumor size in all three groups after the first treatment. After
the second treatment, the tumors continued to grow in both the Doxil
and NaCl groups, as shown in Fig. 7A. By contrast, tumor growth was
hampered in the Doxil MB-fUS treated group. The final tumor volumes,
shown in Fig. 7B, point to a tendency of tumor volume decrease in the
Doxil group but a strongly enhanced effect when combined with MB-
fUs.

To detect histological changes in the tumor tissue, we investigated
the tumor vessels (CD31), macrophage infiltration (F4/80), apoptotic
activity (active Caspase 3), and tumor cell proliferation (KI67). Area
fractions of the different tissue markers were quantified and revealed
that Doxil and Doxil MB-fUS treated mice had fewer vessels compared to
the NaCl control group (Fig. 8A), which can be explained by the cyto-
toxic effect of Doxil. The presence of F4/80" macrophages was signifi-
cantly lower in the Doxil MB-fUS group and the Doxil group compared to
the NaCl group. Furthermore, Doxil MB-fUS tumors contained signifi-
cantly less F4/80" macrophages than Doxil-treated tumors (Fig. 8B).
Increased apoptosis (active Caspase 3, Fig. 8C) and lower cancer cell
proliferation (K167, Fig. 8D) further confirmed the higher therapeutic
efficacy of the Doxil MB-fUS treatment compared to Doxil treatment
alone. Apoptosis was not enhanced by Doxil treatment alone compared
to NaCl, while cancer cell proliferation was significantly reduced. These
findings are further corroborated by our findings on changes in the
tumor microenvironment. We have additionally analyzed vascular
endothelial growth factor protein A (VEGF) as well as presence of active
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Fig. 5. Dextran extravasation in 4T1 tumors of mice after MB-fUS. Dextran was injected 15 min before the euthanasia of each animal A. Data of day O cohort,
euthanasia immediately after treatment. The left image shows a tumor section of a microbubble and focused ultrasound (MB-fUS) treated tumor with more red
fluorescence (dextran) around perfused tumor vessels (green) compared to the control sample (right). The quantification of fluorescence intensities of dextran in the
tumor tissue reveals significantly more dextran at the tumor vessels and at distances of 12 and 36 pym from the vessels after MB-fUS treatment. B. Data of day 2 cohort,
euthanasia two days after treatment. Dextran fluorescence intensity is significantly higher at the tumor vessels of the MB-fUS treated group but not in the extra-

vascular tissue. Data are expressed as mean + standard deviation of n = 5.

matrix metalloproteinases (MMPs, gelatinases and collagenases) (data
shown in supplementary figure 5). For Doxil MB-fUS treated tumors, we
found a significant downregulation in expression of VEGF and reduced
activity of MMPs compared to Doxil and NaCl groups.

4. Discussion

In this study, we investigated whether PBCA-MB-assisted fUS treat-
ment enhances the therapeutic potential of Doxil in treating murine
breast cancer. In this regard, we demonstrated that MB-fUS treatment
with PBCA-MBs induces sonoporation and sonopermeation in HUVEC
and 4T1 monolayers. In vivo, sonopermeation with PBCA-MBs increased
vascular permeability and the extravasation of 70 kDa dextran into the
tumor tissue. Additionally, PBCA-MB-aided sonopermeation signifi-
cantly improved the therapeutic efficacy of Doxil in murine breast
cancer tumors by inhibiting tumor growth.

In our previous study, we characterized the US response of PBCA-
MBs at 1 MHz and reported mixed non-destructive and destructive
PBCA-MB responses at in situ PNPs of 500 and 665 kPa [30]. Further-
more, compression-only and compression-dominated behavior were
found during non-destructive responses, which are termed “com-
pression-driven responses” in this manuscript. The experiments indi-
cated that both compression-driven non-destructive responses and
destructive responses were capable of inducing biological effects in vitro
[30], emphasizing the unique response profile of the PBCA-MBs. Based
on these previous findings, we assume that, for the in vitro experiments
in this study, the PBCA-MBs underwent both compression-driven
non-destructive responses and destructive responses when an in situ
PNP of 600 kPa was applied. Therefore, we conclude that the

sonoporation and sonopermeation effects were because of the exertion
of stress onto the cells by a synergistic effect of mixed MB responses. In
line with results from De Cock et al. [43], we found that sonoporation
resulted in enhanced endocytosis of dextran into the cytoplasm, as
indicated by the characteristic punctate pattern of endocytic pockets.
Besides this, sonopermeation experiments led to a reduced cell layer
integrity. This might be due to the opening of cell-cell contacts or the
formation of transcellular tunnels, as proposed by literature [44-47].
The baseline TEER values of HUVEC and 4T1 cells (HUVEC: 25.5 + 3.9
Q¥em?, 4T1: 22.6 + 2.3 Q*cm?) were in the range of similar cell
monolayers [48-51].

Previous studies have reported the bubble-to-cell distance to be a
critical determinant of sonoporation efficiency [52]. The 4T1 and
HUVEC monolayers were cultured on the apical and basolateral surfaces
of cell culture inserts, respectively. The different locations of the cells on
the insert membrane resulted in a larger cell-to-bubble distance for the
4T1 monolayers due to the several micrometer thick [53] insert mem-
brane, separating the cells and MBs. The setup more closely represents
the situation in vivo, where MBs are intravascular and are separated from
the extravascular tumor tissue by the vessel walls. Notably, the different
locations did not affect sonoporation or sonopermeation effects, which
were similar for the two cell types, indicating that such effects on
endothelial cells or cells outside the vasculature are possible with our
protocol. For the in vitro setting using the cell culture insert, we suppose
that effects by the responding PBCA-MBs were conveyed across the
membrane, most likely via pores in the membrane that potentially
channeled the induced liquid motions by the MBs.

Subsequently, the same US settings were used for the in vivo MB-fUS
treatment of murine tumors. However, the attenuation of US by the skin
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Fig. 7. Evaluation of the tumor volume change. One mouse from the Doxil group had to be removed from the experiment on day 6, the respective data are included
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highlight that tumors in the Doxil MB-fUS treated mice were smaller than tumors in the Doxil and NaCl groups. Doxil alone only slightly reduced tumor volumes.
Results are presented as mean + standard deviation of n = 5, except for Doxil group, see earlier note on group size.

of the mice had to be considered, for which an attenuation of 11.3 % at
2.25 MHz has been reported [54]. As US attenuation decreases at lower
frequencies [55], we estimated that, in our experiments with a driving
frequency of 1 MHz, the intra-tumoral PNP was still above 500 kPa.
Thus, based on the previous data discussed above [30], we assume that
PBCA-MBs in the tumor vasculature exhibited both non-destructive and
destructive responses.

The dextran extravasation study demonstrated that MB-fUS treat-
ment affected the integrity of the vessel walls and enhanced extravasa-
tion. In this context, dextran was administered directly after as well as
two days after the MB-fUS treatment (15 min before euthanasia). In both
cases, we found more dextran at the tumor vessels, which most likely is
related to enhanced endothelial uptake, e.g. due to enhanced endocytic
activity, as observed in our in vitro experiments. In addition, we detected
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more extravascular dextran, when it was administered immediately
after MB-fUS, suggesting that MB-fUS treatment increased the vascular
permeability potentially by opening inter-endothelial junctions and
untightening the extravascular matrix, as hypothesized by Theek et al.
[37]. In this regard, the disruption and disorientation of collagen fibers
after application of MB-fUS [56] might play a crucial role in loosening
the extracellular matrix to increase penetration depth of drug carriers by
MB-fUS as previously confirmed in other studies [57-59]. In contrast,
when dextran was administered two days after the MB-fUS, no effect on
the extravascular amount of dextran was found, suggesting that the
biological barriers (endothelial layer and extracellular matrix) had
largely closed again. A potential explanation for this might be the
greater distance of PBCA-MBs to the extravascular tissue as compared to
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the vessel wall, since the MBs are constrained to the tumor vessel and not
in direct contact with the tumor tissue itself. This difference might result
in a weakening of the effects on extravascular tissue. Furthermore, we
found a slightly reduced perfusion immediately after MB-fUS treatment,
whereas, two days after the treatment, no effect on tumor perfusion was
detected. While less perfusion would also result in less dextran accu-
mulation, as reported for chemotherapeutics [60], acute vascular dam-
age also goes along with higher leakiness. These two effects can partially
compensate for each other, and thus, it is important to ensure that
sonoporation and sonopermeation effects dominate the vascular abla-
tion, as it was the case in our setting. Previous studies have also reported
the shutdown of blood flow associated with minor endothelial cell
damage. The blood flow was then restored within a maximum of 30 min



J. Block et al.

[61,62]. In our experiment, the mice were euthanized 15 min after
treatment, which was presumably not enough time for blood flow to be
restored.

Having confirmed enhanced dextran extravasation after MB-fUS
treatment, we explored the effect of the MB-fUS treatment on a Doxil
therapy in 4T1 tumor-bearing mice. For this purpose, we selected a
dosage of Doxil that typically does not significantly inhibit tumor
growth [63-66]. We demonstrated that combining Doxil therapy with
our MB-fUS protocol significantly improved tumor response and
hampered tumor growth, as indicated by increased apoptosis (Caspase
3), reduced cancer cell proliferation (KI67) and reduced expression of
VEGF and activity of MMPs, indicating slowed-down angiogenesis and
hampered tumor progression. We hypothesize that more Doxil was
available in MB-fUS-treated tumors, most likely due to increased
vascular permeability allowing more Doxil to accumulate in the tumor.
Apart from this effect, macrophages carrying Doxil and residing in the
tumor may also have contributed to the improved tumor response. It has
been reported that macrophages act as depot for nanomedicines [67].
Upon cellular uptake, the liposomal shell of Doxil is degraded, releasing
the enclosed doxorubicin and killing the macrophages. As a conse-
quence, free doxorubicin is released by the macrophages and easily
diffuses into adjacent cancer cells [67]. Our histological analysis of the
tumor tissue corroborates this theory, showing that less macrophages
were found in Doxil-treated tumors than in the NaCl group. This effect
was enhanced when Doxil therapy was combined with MB-fUS, sug-
gesting that more Doxil was available.

A limitation to the generalizability of the study is that it did not
consider gender/sex issues. Further, we did not find a reduction in tumor
growth immediately after the first administration of Doxil MB-fUS. A
potential explanation for this slight delay might be that initial effects on
tumor growth were only visible on a microscopic level and thus were not
immediately reflected on a macroscopic basis. Next to that, macro-
phages internalizing the Doxil particles and afterwards acting as a drug
reservoir [67] might also decelerate the chemotherapeutic effect.

Based on our in vivo findings, we infer that our MB-fUS protocol with
a PNP of 600 kPa, resulted in a synergistic combination of both non-
destructive and destructive responses of PBCA-MBs. The US-activated
PBCA-MBs induced the intended biological effects without causing
vascular ablation; thus, the mixed responses appear to be a beneficial
compromise of both response regimes. Previous studies using PBCA-MBs
have confirmed their safe use in vivo in different animal models [31,33,
34,68] and showed promising performance for diagnostic purposes [32,
69] as well as in the permeabilization of the blood-brain barrier [35] and
peripheral tumors [37]. In the present study, we confirmed their ther-
apeutic potential to improve the tumor response without causing
adverse effects in a preclinical setting that supports paving the way for
clinical applications. The adjustable size distribution contributes to
advancing robustness and reproducibility of sonopermeation protocols,
making these interventions more efficient and safer. This renders
PBCA-MBs a relevant candidate for clinical use.

Although 70 kDa dextran and Doxil differ in size (2 — 3 nm vs.
~100 nm) [70,71], our MB-fUS protocol increased vascular perme-
ability for both nanomedicines. However, it has to be taken into account
that the 4T1 breast cancer model is characterized by immature and leaky
vessels, which contain little connective tissue [23]. Human tumor ves-
sels often deviate from that and show high levels of collagen [23].
Varying amounts of connective tissue need to be taken into consider-
ation when adjusting the US parameters because higher collagen
deposition may weaken the mediated effects. For this reason, future
work will validate our MB-fUS protocol with the PBCA-MBs in tumor
models with a more mature vasculature and different desmoplastic
levels [72].

5. Conclusion

We showed that with PBCA-MB-assisted fUS treatment, we can
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induce biological effects in facilitating drug delivery of dextran in both
in vitro and in vivo scenarios. Our approach has resulted in enhanced
vascular permeability and increased intra-tumoral accumulation of
dextran. To demonstrate the clinical relevance of our findings, for the
first time, we demonstrated that MB-fUS treatment using PBCA-MBs
increased the therapeutic effect of a clinically-approved nano-
medicines drug (liposomal doxorubicin, Doxil), showcasing its potential
for improved tumor response in future sonopermeation interventions.
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FBS: Fetal bovine serum

FITC: Fluorescein isothiocyanate

fUS: Focused ultrasound

HUVEC: Human umbilical vein endothelial cells
MBs: Microbubbles

MMPs: Matrix metalloproteinases

NaCl: Sodium chloride

P/S: Penicillin and streptomycin

PBCA: Poly(butyl cyanoacrylate)

PNP: Peak negative pressure

RPMI: Roswell Park Memorial Institute

TEER: Transepithelial/ endothelial electrical resistance
US: Ultrasound

VEGF: Vascular endothelial growth factor

WGA: Wheat germ agglutinin
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