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Abstract—Compared with conventional chemotherapy, encapsulation of drugs in nanoparticles can improve effi-
cacy and reduce toxicity. However, delivery of nanoparticles is often insufficient and heterogeneous because of
various biological barriers and uneven tumor perfusion. We investigated a unique multifunctional drug delivery
system consisting of microbubbles stabilized by polymeric nanoparticles (NPMBs), enabling ultrasound-mediated
drug delivery. The aim was to examine mechanisms of ultrasound-mediated delivery and to determine if increased
tumor uptake had a therapeutic benefit. Cellular uptake and toxicity, circulation and biodistribution were char-
acterized. After intravenous injection of NPMBs into mice, tumors were treated with ultrasound of various pres-
sures and pulse lengths, and distribution of nanoparticles was imaged on tumor sections. No effects of low pressures
were observed, whereas complete bubble destruction at higher pressures improved tumor uptake 2.3 times,
without tissue damage. An enhanced therapeutic effect was illustrated in a promising proof-of-concept study, in
which all tumors exhibited regression into complete remission. (E-mail: sofie.snipstad @ntnu.no)  © 2017 The
Authors. Published by Elsevier Inc. on behalf of World Federation for Ultrasound in Medicine & Biology. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Key Words: Drug delivery, Focused ultrasound, Microbubbles, Nanomedicine, Poly(alkyl cyanoacrylate), Cabazitaxel,

Triple-negative breast cancer.

INTRODUCTION

Normally in chemotherapy, only a small fraction of the
injected dose, 0.001% to 0.01% (Gerber et al. 2009;
Kurdziel et al. 2011), reaches the tumor in patients.
Most of the dose accumulates in healthy tissue,
causing severe side effects, or is rapidly excreted.
Nanoparticles (NPs) have attracted great attention in
drug delivery and diagnostics (Lammers et al. 2010),
especially in cancer. Leaky tumor vasculature
(Hanahan and Weinberg 201 1) and non-functional lym-
phatics result in the enhanced permeability and reten-
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tion (EPR) effect, which allows NPs to selectively
extravasate and accumulate in tumors, while the healthy
tissue is less exposed (Maeda et al. 2000). Compared
with conventional chemotherapy, incorporation of
drugs into NPs can therefore potentially improve phar-
macokinetics, increase efficacy and reduce toxicity of
the drug, resulting in reduced dose-limiting side effects.
Furthermore, potent drugs with poor solubility or high
toxicity, which are a hurdle for the pharmaceutical in-
dustry (Desai 2012), can benefit from encapsulation.
Promising pre-clinical therapeutic studies have re-
sulted in the development of several nanomedicine for-
mulations that are being tested in clinical trials
(Etheridge et al. 2013; He et al. 2015; Taurin et al.
2012). Many nanomedicines have exhibited reduced
side effects (He et al. 2015), but limited efficacy in clin-
ical trials (Wilhelm et al. 2016), and the progression of
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anti-cancer nanomedicines into the clinic has been slow.
To date, only a few are used clinically. For successful de-
livery, the NPs must circulate in the blood for a sufficient
time, extravasate from the vasculature, penetrate the
extracellular matrix (ECM) and deliver their payload to
the intracellular targets. However, there are numerous
barriers that limit therapeutic response (Anchordoquy
et al. 2017; Desai 2012), such as the heterogeneous
EPR effect between and within tumors (Hansen et al.
2015; He et al. 2015; Maeda 2015; Prabhakar et al.
2013), poor vascularization, high interstitial fluid
pressure, high tumor cell density (Padera et al. 2004)
and dense ECM (Chauhan et al. 2011; Desai 2012).
A recently published meta-analysis including 117 reports
found that a median of only 0.7% of the injected dose
reached the tumor (Wilhelm et al. 2016). This emphasizes
the need for new strategies that can increase controlled
delivery to the target.

Focused ultrasound (FUS), particularly when com-
bined with microbubbles (MBs), has emerged as a prom-
ising method by which the delivery of drugs or NPs to
tumor tissue can be improved in a non-invasive manner
(Burke et al. 2014; Frenkel 2008; Graham et al. 2014,
Heath et al. 2012; Lammertink et al. 2015; Pitt et al.
2004; van Wamel et al. 2016), and has recently been
reported to increase survival in mice (Burke et al.
2014; Kotopoulis et al. 2014; van Wamel et al. 2016)
and humans with inoperable pancreatic cancer
(Dimcevski et al. 2016). FUS treatment is non-
invasive, and can be applied locally for various forms
of tumors. Another important application of low-
intensity FUS in conjunction with intra-venously admin-
istered MBs is the transient and selective opening of the
blood-brain barrier, as reported in small animals
(Burgess et al. 2011; Hynynen et al. 2001) and non-
human primates (Downs et al. 2015; Marquet et al.
2011). This opens the possibility of treating aggressive
glioblastoma and other diseases in the central nervous
system. Currently, there are two ongoing clinical trials
in glioblastoma patients (ClinicalTrials.gov Identifier
NCT02343991 and NCT02253212) (Carpentier et al.
2016).

Focused ultrasound for therapeutic purposes can be
employed to create thermal and mechanical effects such
as cavitation and radiation force (Frenkel 2008; Pitt et al.
2004). Cavitation is the creation and oscillation of gas
bubbles on exposure to an acoustic wave. At relatively
low pressures, acoustic pressure waves will cause the
stable cavitation of MBs. Stable -cavitation is
characterized by sustained bubble radius oscillation
about its equilibrium. This generates microstreaming,
fluid flow around the MBs (Elder 1959). Resulting shear
stresses on the blood vessel wall when the MBs are close
to or in contact with the endothelium can cause the forma-
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tion of small pores and thus increase vascular permeability
and can enhance endocytosis (Afadzi et al. 2013;
Lentacker et al. 2014; Meijering et al. 2009). At higher
pressures, the oscillations will increase in amplitude,
become more transient and result in a violent collapse of
the bubbles. This is termed inertial cavitation and can
lead to the formation of shock waves and jet streams in
the vasculature, which can create both temporary and
permanent pores in the capillary wall and in cell
membranes (Lentacker et al. 2014). The probability of in-
ertial cavitation in a medium is determined by the mechan-
ical index (MI), which is given by the peak negative
pressure of the ultrasound (US) wave divided by the square
root of its center frequency. It is reasonable to assume that
the probability of occurrence of permanent tissue damage
increases above the threshold for inertial cavitation. FUS
can thus locally increase extravasation across the capillary
wall and potentially improve penetration through the
ECM, thereby improving the accumulation and distribu-
tion of NPs and drugs in tumors (Burke et al. 2014;
Dimcevski et al. 2016; Frenkel 2008; Kotopoulis et al.
2014; Lin et al. 2010, 2012; van Wamel et al. 2016;
Wang et al. 2015).

A unique multifunctional drug delivery system con-
sisting of MBs stabilized by polymeric NPs (NPMBs) to
be used in image-guided and FUS-mediated drug delivery,
as illustrated in Figure 1, has been developed (Mgrch et al.
2015). Biodegradable poly(alkyl cyanoacrylate) (PACA)
NPs (Nicolas and Couvreur 2009; Vauthier et al. 2003,
2007) are prepared in a one-step synthesis, can encapsulate
a range of drugs or contrast agents with high loading ca-
pacity and can be functionalized with polyethylene glycol
(PEG) (Mgrch et al. 2015). One type of PACA NPs has
already reached phase III clinical trials for treatment of
liver cancer (Livatag, Onxeo, Opole Voivodeship, Poland,;
ClinicalTrials.gov Identifier NCT01655693) (Soma et al.
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Fig. 1. Schematic of enhanced drug delivery to tumor tissue
by use of focused ultrasound and nanoparticle-stabilized
microbubbles (in green).
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2012). The MBs are formed by self-assembly of NPs into a
shell. We previously reported that this platform, in combi-
nation with FUS, can be employed to improve delivery of
NPs to xenograft tumors in mice (Eggen et al. 2014) and
delivery across the blood-brain barrier in healthy rats
(Aslund et al. 2015). In our previous work, poly(butyl
cyanoacrylate) (PBCA) NPs were used, whereas poly(2-
ethyl-butyl cyanoacrylate) (PEBCA) NPs were applied in
the present study. Because of a longer and branched alkyl
monomer chain, PEBCA NPs probably have a slower
degradation rate (Muller et al. 1992; Sulheim et al.
2016), which might be therapeutically favorable.

In the present work, the PEBCA NPs were charac-
terized with respect to in vitro cellular uptake and efficacy
in a triple-negative breast cancer cell line. In vivo circula-
tion half-life and biodistribution of NPs were determined,
and circulation of the MBs was evaluated. The main aim
of the present study was to systematically study the effect
of various US parameters, and investigate the mecha-
nisms of US-mediated delivery, to determine the impor-
tance of cavitation and bubble destruction for improved
extravasation and enhanced NP delivery to tumor tissue.
Furthermore, we aimed to determine tolerable acoustic
pressures that enhance delivery of the nanomedicine to
tumor tissue, and to determine if the increased delivery
had a therapeutic benefit. Subcutaneous human breast
cancer xenografts were grown in athymic mice, and
NPMBs were injected intra-venously, whereas the tumors
were treated with FUS of various pressures and burst
lengths. The delivery of NPs to tumors was evaluated
by confocal microscopy on frozen tumor sections. To
evaluate whether the increased delivery had a therapeutic
benefit, the first proof-of-concept pre-clinical treatment
study was performed with NPMBs encapsulating the
anti-cancer drug cabazitaxel.

METHODS

Synthesis and characterization of nanoparticles and
microbubbles

PEGylated PEBCA NPs were synthesized by mini-
emulsion polymerization as described previously
(Mgrch et al. 2015). Briefly, an oil phase consisting of
2-ethyl-butyl cyanoacrylate (monomer, Henkel Loctite,
Diisseldorf, Germany) containing 0.1 wt% methane sul-
fonic acid (Sigma-Aldrich, St. Louis, MO, USA), 2 wt
% Miglyol 812 (co-stabilizer, Cremer, Cincinnati, OH,
USA) and 0.8 wt% azo bis-dimethyl valeronitrile (V65,
oil-soluble radical initiator, Waco, Osaka, Japan) was pre-
pared. Fluorescent particles for optical imaging were pre-
pared by adding either NR668 (modified NileRed
[Klymchenko et al. 2012], custom synthesis, 0.5 wt%)
or IR-780 Lipid (near-infrared dye, custom synthesis,
CEA, Grenoble, France, 0.5 wt%) to the oil phase. Parti-

cles containing cytostatic drug for treatment were pre-
pared by adding cabazitaxel (10 wt%, Biochempartner,
Wuhan, Hubei, China) to the oil phase.

An aqueous phase consisting of 0.1 M HCI contain-
ing Brij L23 (10 mM, 23 PEG units, MW 1225, Sigma-
Aldrich) and Kolliphor HS15 (10 mM, 15 PEG units,
MW 960, Sigma-Aldrich) was added to the oil phase and
immediately sonicated for 3 min onice (6 X 30-s intervals,
60% amplitude, Branson Ultrasonics digital sonifier 450,
Danbury, CT, USA). The solution was kept on magnetic
stirring for 1 h at room temperature before adjusting the
pH to 5 using 0.1 M NaOH. The polymerization was
continued for 2 h at room temperature before increasing
the temperature to 50°C for 8 h while the solution was
rotated (15 rpm). The dispersion was dialyzed (Spectra/
Por dialysis membrane MWCO 100,000 Da, Spectrum
Labs, Rancho Dominguez, CA, USA) against 1| mM HCI
to remove unreacted PEG. The dialysate was replaced
three times. Details regarding PEGylation of the NP-
platform have been published previously (Aslund et al.
2017; Baghirov et al. 2017; Mgrch et al. 2015). The size,
polydispersity index (PDI) and { potential of the NPs
were measured by dynamic light scattering using a
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK).
To calculate the amount of encapsulated drug, the drug
was extracted from the particles by dissolving them in
acetone (1:10) and quantified by liquid chromatography
coupled to mass spectrometry (LC-MS/MS, Agilent
6490 triple quadrupole coupled with Agilent 1290
HPLC, Agilent Technologies, Santa Clara, CA, USA).

The NPMBs were prepared by self-assembly of the
NPs (1 wt%, 10 mg/mL) at the gas—water interface by
the addition of 0.5% casein in phosphate-buffered saline
and vigorous stirring using an Ultra-Turrax (T-25, IKA-
Werke, Staufen, Germany), as described (Mgrch et al.
2015). Perfluoropropane (F2 Chemicals, Preston, Lanca-
shire, UK) was used instead of air for increased circulation
time. The average MB diameter, size distribution and con-
centration were determined using light microscopy and
image analysis (ImageJ 1.48 v, National Institutes of
Health, Bethesda, MA, USA). The NPMB solution is a
combination of free NPs and NPMBs, where only a small
percentage of the NPs are located on MBs. The MBs were
characterized with respect to acoustic destruction as
described below.

Cell culture

Triple-negative human breast adenocarcinoma cells
(MDA-MB-231, kind gift from the Department of Circu-
lation and Medical Imaging, NTNU, Trondheim, Nor-
way, purchased from HTB-26, American Type Culture
Collection, Manassas, VA, USA) were cultured in Ros-
well Park Memorial Institute (RPMI) 1640 medium
(21875-034, Gibco, Thermo Fisher Scientific, Waltham,
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MA, USA), supplemented with 10% fetal bovine serum
(Sigma-Aldrich). The cells were kept at 37°C and 5%
CO, and maintained in exponential growth. The anti-
biotic gentamicin (0.1%, Sigma-Aldrich) was added to
the medium for cells that were to be implanted in vivo
and for in vitro toxicity studies.

Animals and tumors

All experimental procedures were approved by the
Norwegian Animal Research Authorities. Female Balb/c
nude mice (Envigo, Cambridgeshire, UK) were pur-
chased at 7-8 wk of age, 16-21 g. They were housed in
specific pathogen-free conditions, in groups of four or
five in individually ventilated cages (Model 1284 L, Tec-
niplast, Lyon, France) at temperatures of 22°C-23°C,
50%—-60% relative humidity, 70 air changes per hour,
with ad libitum access to food and sterile water.

Subcutaneous xenograft tumors were grown from
breast cancer MDA-MB-231 cells. Animals were anesthe-
tized by inhalation of 2%—3% isoflurane in O, and NO,
(Baxter, Deerfield, IL, USA), before 50 uLL medium con-
taining 3 X 10° cells was slowly injected subcutaneously
into the lateral aspect of the left hind leg, between the
knee and the hip. Over the next weeks, the animals were
weighed and the tumors measured using calipers two to
three times per week. Tumor volume was calculated as
7lw?/6, where [ and w are the length and width of the tumor,
respectively. Tumor growth did not affect the weight of the
animals.

During experiments, the animals were anesthetized
by a subcutaneous injection of fentanyl (0.05 mg/kg, Acta-
vis Group HF, Hafnarfirdi, Iceland), medetomidine
(0.5 mg/kg, Orion Pharma, Oslo, Norway), midazolam
(5 mg/kg, Accord Healthcare Limited, North Harrow,
United Kingdom) and water (2:1:2:5) at a dose of
0.1 mL per 10 g. When necessary, a subcutaneous injection
of atipemazol (2.5 mg/kg, Orion Pharma, Oslo, Norway),
flumazenil (0.5 mg/kg, Fresenius Kabi, Bad Homburg
vor der Hohe, Germany) and water (1:1:8) at a dose of
0.1 mL per 10 g was used as antidote to terminate the anes-
thesia. During all experiments, the body temperature of the
animals was maintained by external heating, and eyes were
kept moist with Viscotears Liquid gel (Alcon, Fort Worth,
TX, USA). At the end of the experiment, anesthetized an-
imals were euthanized by cervical dislocation.

In vivo circulation half-life of nanoparticles

The mice were anesthetized as described above, and
NPs containing NR668 were diluted to 7 mg/mL in phos-
phate buffer and injected intra-venously as a bolus of
200 pL through the lateral tail vein in five mice
(70 mg/kg). Blood samples of 10—15 uL were drawn
from the saphenous vein pre-injection and 10 min,
30 min, and 1, 2, 4, 6 and 24 h post-injection. Between
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the 4-, 6- and 24-h samples, the animals were placed in
a recovery rack (Blue Line, Scanbur, Copenhagen,
Denmark) where the temperature was kept at 28°C to
avoid hypothermia. Blood samples were diluted in
40 uL 10 IU/mL heparin (Leo Pharma A/S, Ballerup,
Denmark) and vortexed (444-1372, VWR, Radnor, PA,
USA), before they were centrifuged at 3000 rpm for
7 min (Micromax, International Equipment Company
[IEC], Needham, MA, USA) Fluorescence in the super-
natant was measured with a spectrophotometer (Infinite
200 Pro, Tecan, Mannedorf, Switzerland) by excitation
at 535 nm (bandwidth 9 nm) and detection at 620 nm
(bandwidth 20 nm). A 384-well plate (Corning, Corning,
NY, USA) with 10 pL. from each blood sample was
analyzed. Fluorescence intensity per volume of blood
diluted in heparin, plotted as a function of time, was fitted
by a mono-exponential decay curve (f(t) = ae”*") using
SigmaPlot (12.0, Systat Software, San Jose, CA, USA),
resulting in a circulation half-life (¢;, = In(2)/b).

In vivo circulation of microbubbles

Inflow and circulation of fluorescently labeled
NPMBs in tumors were imaged with contrast-enhanced
US using a Vevo 2100 and the MS250 probe (FujiFilm
VisualSonics, Toronto, ON, Canada). The tail veins of
anesthetized mice were cannulated (BD Neoflon 24 G,
Becton Dickinson & Company, Franklin Lakes, NJ,
USA), and 200 uL of NPMBs (10 mg/mL NPs) was in-
jected intra-venously. Perfusion of the tumor was imaged
using non-linear contrast-enhanced imaging mode, with a
transmit frequency of 18 MHz, a power of 10% and a
frame rate of 10 fps. Data were exported using VisualSon-
ics software (1.6.0, FujiFilm VisualSonics, Toronto, ON,
Canada) and displayed using MATLAB (R2014 b, The
MathWorks, Natick, MA, USA). NPMBs loaded with
cabazitaxel were also imaged in vivo to ensure that the
drug did not affect the circulation, and the inflow and cir-
culation in a kidney were imaged using the same settings
and a frame rate of 20 fps.

Biodistribution of nanoparticles

Mice were anesthetized and the lateral tail veins
were cannulated as described, before a bolus of 200 uL
NPMBs (10 mg/mL NPs, resulting in 100 mg/kg) con-
taining the infrared dye IR-780 lipid was injected. Anti-
dote was administered, and the animals were kept in a
recovery rack. Six hours post-injection, animals were
euthanized, and the spleen, liver, kidney, heart, lungs,
brain and tumor were excised. Organs were imaged using
a near infrared Pearl Impulse small animal imaging sys-
tem (LI-COR Biosciences, Lincoln, NE, USA). Excita-
tion/emission settings were 785 nm/820 nm. Images
were processed using ImageJ to quantify the accumula-
tion of NPs. Regions of interest (ROIs) were drawn
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around each organ, and the sum of the intensity values of
the pixels in the selection was calculated. Nine known
concentrations of NPs in phosphate buffer ranging from
0 to 2 mg/mL were imaged to obtain a standard curve
(Supplementary Fig. S1, online only, available at http://
dx.doi.org/10.1016/j.ultrasmedbio.2017.06.029). From
this, the accumulated dose of NPs, as a percentage of
the total injected dose and as weight of NPs per weight
of tissue, was determined.

Cellular uptake of nanoparticles

In vitro cellular uptake was determined using flow
cytometry (FCM) and confocal laser scanning micro-
scopy (CLSM). For quantification with FCM,
300,000 cells in 3 mL medium were seeded in six-well
plates (Corning Costar, Sigma-Aldrich), and 30,000 cells
in 300 uL medium were seeded in eight-well slides (Ibidi,
Martinsried, Germany) for CLSM. Forty-eight hours
later, the medium was changed, and at 72 h, the medium
was replaced with medium containing 20 ug/mL NPs
with NR668. After 3 h incubation, the cells were rinsed
two or three times with phosphate-buffered saline
(PBS). The cells for FCM were trypsinized (Sigma-Al-
drich) and placed on ice until FCM analysis. Incubation
was at 37°C, but also at 4°C to ensure that no leakage
of the dye was observed (Snipstad et al. 2014, 2016;
Sulheim et al. 2016). At this temperature, NP uptake by
endocytosis is not expected, and staining of the cells
would likely be caused by leakage of the dye.

In FCM (Gallios, Beckman Coulter, Indianapolis,
IN, USA), a 561-nm laser was used to excite NR668,
and fluorescence was detected at 620 nm using a 30-nm
bandpass filter. Cellular fragments, debris and aggregates
were excluded from the analysis by gating the side-scatter
versus forward-scatter dotplot. Approximately 10,000
events were counted from each sample. The percentage
of cells taking up NPs and their median fluorescence in-
tensity were determined using Kaluza Flow Cytometry
Analysis software, Version 1.3 (Beckman Coulter).

Confocal laser scanning microscopy imaging (TCS
SP8, Leica, Wetzlar, Germany) was performed using a
63 X 1.2 water objective and a pinhole of 1 airy unit. A
white light laser at 540 nm was used to excite NR668,
and fluorescence was detected at 569—699 nm. The fluo-
rescence signal was superimposed on a bright-field image
from the same laser. Images were captured using a frame
size of 1024 X 1024 pixels, with a pixel size of 180 nm.

In vitro toxicity

Cellular toxicity was studied using the colorimetric
AlamarBlue assay (Thermo Fischer Scientific). Cells
were seeded in black 96-well plates (Corning, Corning,
NY, USA), 2500 cells per 200 uL. medium. At 72 h, me-
dium with NPs containing cabazitaxel was added. Con-

centrations of NPs ranging from 0 to 10,000 ng/mL
were used, corresponding to cabazitaxel concentrations
of 0 to 1000 ng/mL (10%). Free drug (in polysorbate 80
[Sigma-Aldrich] and ethanol) at the same concentrations,
as well as NPs without the drug, were used for compari-
son. The cells were incubated at 37°C with 5% CO, for
24 h, before being rinsed three times with medium. Ala-
marBlue was diluted 1:10 with medium, and 110 uLL was
added to each well. Medium with AlamarBlue without
cells was used as a blank. The cells were incubated for
2 h at 37°C, protected from light. Fluorescence was
measured using a microplate reader (SpectraMax i3 x,
Molecular Devices, Sunnyvale, CA, USA), with an exci-
tation wavelength of 550 = 9 nm and emission detected at
590 = 20 nm. Metabolically active cells reduced resa-
zurin to the fluorescent resorufin, from which the percent-
age of viable cells was estimated. Dose-response curves,
f(X) = Ymin + ((ymax_ymin)/(l + (X/IC50)k)), were fitted to
the experimental data points using SigmaPlot (four-
parameter logistic curve). yni, and y,.x are the minimum
and maximum survival values, ICsq is the concentration
that gives a response halfway between baseline and
maximum and k is the slope of the curve. y,;, and yax
were constrained to be between 0 and 100%.

Ultrasound setup

A custom made, single-element focused transducer
with a center frequency of 1 MHz (Imasonic, Besancon,
France) was used. The signal was generated by a waveform
generator (33500 B, Agilent Technologies) and amplified
by a 50-dB power amplifier (2100 L, E&I, Rochester,
NY, USA). The transducer was mounted at the bottom of
a water chamber (Fig. 2a), and a lid with an absorber
was placed at the water surface. The animals were placed
on the lid, and the tumor-bearing leg was lowered into the
water through a 10-mm opening. The tumor was placed in
the far field of the FUS beam at a distance of 190 mm, to
cover the entire tumor. The water in the tank was heated to
34°C (Trixie aqua pro heater, Zoopermarked, Hgjbjerg,
Denmark) to avoid hypothermia and altered blood flow
in the mouse leg (Hyvelin et al. 2013). The transducer
had a diameter of 50 mm and a focal distance of
125 mm. It was characterized in a water tank using a hy-
drophone (HGL-0200, Onda); the beam profile can be
found in Supplementary Figure S2 (online only, available
at http://dx.doi.org/10.1016/j.ultrasmedbio.2017.06.029).
The lateral 3- and 6-dB beam widths at 190 mm had diam-
eters of 6 and 10 mm, respectively. In the axial direction, a
3-dB reduction in pressure was measured at 210 mm.

Characterization of microbubble destruction
Destruction of the NPMBs was evaluated by imag-

ing NPMBs in a flow tube through a water container,

where the flow was driven by a peristaltic pump. After
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Fig. 2. (a) Schematic of ultrasound setup. The transducer had a diameter of 50 mm and a focal length of 125 mm. Treatment

was done in the far field, at 190 mm, where the lateral 3- and 6-dB beam widths were 6 and 10 mm, respectively. (b—e)

Schematics of selected ultrasound treatments for (b) group 2, (c) group 3, (d) group 4 and (e) group 6, in which mechanical
index (M) is plotted as a function of time for the first 3 s of each treatment. Each vertical line illustrates a burst.
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the flow was stopped, the NPMBs were sonicated by a
single burst of 10,000 cycles at MlIs of 0.1, 0.25, 0.5
and 1 using the 1-MHz transducer (Imasonic). Simulta-
neously, the sonicated region of the tube was imaged us-
ing an MI of 0.1 at 4 MHz with a clinical US scanner in
contrast mode (Vivid E95 scanner and 9 L transducer, GE
Healthcare, Chicago, IL, USA). Destruction of MBs was
determined by visual inspection.

Ultrasound exposure optimization

To investigate how various acoustical settings in
combination with our MBs affected NP accumulation
in tumor tissue, subcutaneous tumors in 18 mice were
allowed to grow for 4-8 wk until they reached a diam-
eter of approximately 7-8 mm in the longest direction
and a volume of approximately 120-250 mm>. The an-
imals were anesthetized, and the lateral tail veins were
cannulated, and NPMBs containing NR668 were in-
jected intra-venously at a dose of 200 uL with 10 mg/
mL NPs (100 mg/kg). The US treatment was initialized
when the injection started. The mice were randomly
distributed to different groups, and tumors were treated
with one of six different FUS treatments (Fig. 2).
Acoustic pressures ranged from 0.1 to 1 MPa (MIs
ranging from 0.1 to 1). All tumors (except group 4)
received bursts of 10,000 cycles (10 ms) every 100 ms
(local pulse repetition frequency [PRF] = 10 Hz) for
a 0.5-s treatment, followed by a 1.5-s break (global
PRF = 0.5 Hz, total duty cycle = 2.5%). In the groups
in which MB destruction is expected, reperfusion of
MBs in the sonicated area is important to allow new
MBs to reach the tumor, and thus a PRF of 0.5 Hz
was used. For the highest pressure, a short flash of 3 cy-
cles was also investigated. The total treatment time was
2 min. An overview of the different groups can be found
in Table 1.

Table 1. Treatment groups used to optimize ultrasound

parameters

‘ No. of Expected MB
Group MI* Flash' animals Figure behavior
1 3
2 0.1 3 2B Limited destruction
3 0.1 3 cycles of MI1 3 2C
4 3 cycles of MI1 3 2D
5 0.25 2 Significant destruction
6 0.5 3 2E  Complete destruction
7 1 1 Complete destruction

MI = mechanical index; MB = microbubble; PRF = pulse repetition
frequency.

* Treatment was 10,000 cycles, local PRF = 10 Hz for 0.5-s treat-
ment, followed by 1.5-s break and thus a global PRF 0.5 Hz, for a total
of 2 min.

"To destroy the bubbles after oscillation, at a PRF of 0.5 Hz.

% As observed in vitro in a flow phantom.

§ Because tissue damage was observed with this treatment, only one
animal was treated.

Blood vessels were stained by intra-venously inject-
ing 100 uL fluorescein-labeled Lycopersicon esculentum
(tomato) lectin (FITC-lectin, Sigma-Aldrich) diluted in
0.9% NaCl to 1 mg/mL (5 mg/kg) 2 h post-treatment,
and allowing it to circulate for 5 min before euthanasia.
The tumors were excised and sectioned for imaging by
CLSM or for histologic evaluation as described below.

Confocal imaging of tumor sections and quantification
of nanoparticle delivery

The excised tumors were embedded in OCT Tissue
Tek (Sakura, Alphen aan den Rijn, Netherlands) and
frozen in liquid N,. The first 1000 um was removed,
before three frozen sections of 25 um and one section
of 4 um were prepared from five depth levels in the tumor,
with 300 um between levels. The sections were mounted
on objective glass slides, and the microdistribution of NPs
was imaged by CLSM (TCS SP5, Leica). In sequential
scans, a DPSS 561 laser was used to excite NR668-
labeled NPs, and fluorescence was detected at 590—
650 nm. An argon laser at 488 nm was used to excite
FITC-labeled vasculature, and fluorescence was detected
at 500-550 nm. An HCX PL APO CS 20 X 0.7 dry objec-
tive was used, and tile scans of entire tumor sections were
captured using a frame size of 512 X 512 pixels
(775 X 775 um) and 400-Hz scan speed. An optical sec-
tion of 5 um was used (airy unit 2.8, pinhole 170 um), and
images through the section were captured every 2.5 um to
make z-stacks. The laser intensity and detector gain were
kept the same for all sections, and were set to minimize
noise and use the gray scale. When acquiring tile scans,
the sections were imaged dry because mounting medium
disturbed the distribution of the fluorescence during long
acquisition times. For more detailed example images of
NP distribution, a zoom factor of 3 was used, resulting
in images of 258.33 um. These sections were mounted
with Vectashield (Vector Laboratories, Burlingame, CA,
USA) to image FITC, and selected areas were imaged
within minutes after mounting.

The tile scans were processed using ImageJ to quan-
tify the tumor uptake of NPs. A maximum intensity pro-
jection of each z-stack was made. An ROI was drawn
around each section. The image was thresholded using
the inbuilt ImageJ Yen algorithm (determined to give
the most suitable thresholding by visual inspection),
and “analyze particles” was used to quantify the number
of above-threshold pixels and their intensity. The results
were displayed as number of pixels divided by the area
of the respective tumor section.

Histology

Tumors for histologic evaluation were fixed for a
minimum of 2 d in 4% neutral buffered formaldehyde.
The samples were then embedded in paraffin, before
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4-um sections (Leica Tissue processor) were made from
the middle of the tumor. They were stained with hematox-
ylin, erythrosin and saffron (HES), and imaged to evaluate
tissue damage after the US treatment. This will stain cell
nuclei blue-purple, cytoplasm and ECM pink, erythrocytes
red and collagen fibers in connective tissues yellow. The
sections were analyzed by an experienced senior patholo-
gist, blinded to which tumor received which treatment.

Treatment of triple-negative breast cancer
MDA-MB-231 xenografts with NPMB-encapsulated
cabazitaxel

The tumors were allowed to grow for 3 wk until they
had reached approximately 4 mm in the longest direction.
The number of animals and control groups was, in
compliance with the “3 Rs” (replacement, reduction,
refinement) (Fenwick et al. 2009), kept low in this pilot
study. Twelve animals were randomly distributed into
three groups: (1) animals injected with saline, control
group; (2) animals injected with NPMBs containing cab-
azitaxel; (3) animals injected with NPMBs containing
cabazitaxel and tumors exposed to the previously
described US treatment (MI = 0.5).

The mice were treated 2 wk in a row (days 21 and 29
after implantation of cells). On the day of treatment, ani-
mals were anesthetized and the tail vein was cannulated.
An intra-venous bolus of 200 uL saline or NPMBs was
given. The concentration of NP in the bubble solution
was 10 mg/mL, resulting in a total dose of 2 mg NPs per
animal and, thus, 10 mg/kg cabazitaxel. This dose was
chosen based on the literature (Semiond et al. 2013;
Vrignaud et al. 2013, 2014). The optimal US treatment
from the optimization of various MIs was used (group 6
with an MI of 0.5 as described above) for the first
treatment. Unfortunately, the transducer broke after the
first treatment. To continue the experiment, the second
treatment was done with another transducer (RK-100
system, aperture = 52 mm and focal distance 60 = mm,
FUS Instruments, Toronto, ON, Canada). It had a
frequency of 1.1 MHz, and because of its smaller focal
diameter, the transducer was scanned to cover the tumor
area. Sixteen spots (4 X 4) were scanned during 3.5 s. In
each spot, a burst of 10,000 cycles was transmitted at an
MI of 0.5. The total treatment time was increased from 2
to 3.5 min to achieve 60 sonications, to make the
treatment as similar as possible to the first treatment
with the Imasonic transducer. The lateral 3- and 6-dB
beam widths were 1.3 and 1.6 mm, respectively, while in
the axial direction, 4 cm has a pressure within the 3-dB
limit.

After the treatment, the antidote was administered to
terminate anesthesia, and the animals were placed in a
recovery rack until the next morning to avoid hypother-
mia in the recovery period. The rack maintained a tem-
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perature of 28°C. The day after a treatment, the animals
were given Diet gel boost (ClearH,O, Westbrook, ME,
USA) as a supplement to the dry food. The tumor growth
was measured using calipers and the animals were
weighed two times per week for 14 wk after the end of
treatment. The criteria for humane endpoints at which an-
imals were euthanized were tumor diameter of 15 mm or
weight loss of 15%.

A third treatment was planned a week after the sec-
ond treatment, but the first two animals that received the
third treatment (NPMBs with cabazitaxel) died shortly
after the injection. Therefore, the remaining animals
were not treated a third time. One animal in the control
group (saline) was euthanized because the tail became
partly necrotic.

Statistical analysis

A two-tailed unpaired 7-test was used to evaluate if
the difference in NP uptake between groups 1 and 6
was statistically significant (Excel 2010, Microsoft, Red-
mond, WA, USA). A p value < 0.05 was considered to
indicate statistical significance.

RESULTS

Characterization of nanoparticles and microbubbles

The NPs had diameters in the range 140-195 nm
(z-average), a PDI below 0.2 and { potential in the
range —1 to —2.5 mV. The determined loading effi-
ciency of cabazitaxel was close to 100% with a drug
payload of 10 wt%.

The self-assembled MBs had an average mean
diameter of 2.6 = 1.3 um. The concentration of MBs
was approximately 5 X 10° MBs/mL. From character-
ization of NPMBs in the flow tube, the MBs exhibited
very limited destruction at MI 0.1, partial destruction
at MI 0.25 and complete destruction at MI 0.5 and 1
(Supplementary Fig. S3, online only, available at
http://dx.doi.org/10.1016/j.ultrasmedbio.2017.06.029).

In vivo circulation half-life of nanoparticles

The in vivo circulation half-life of the PEGylated
PEBCA NPs was found to be 136 min. An exponential
decay, f(f) = 206160.9¢ *°%! fitted the experimental
data of fluorescence intensity in blood (R* = 0.67 and
p values = 0.0001) (Fig. 3).

In vivo circulation of microbubbles

The MBs stabilized by the self-assembled NPs were
found to be suitable for in vivo contrast-enhanced US im-
aging and image-guided drug delivery. The contrast
enhancement in a tumor imaged by US is illustrated in
Figure 4b. From an ROI surrounding the tumor, the contrast
was quantified (Fig. 4c). NPMBs could be detected for
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Fig. 3. Fluorescence intensity in blood as a function of time,
and a mono-exponential decay f(r) = 206,160.9¢ %' fitted

to the data. The various symbols represent different animals
(n=25).

approximately 4-5 min. NPMBs containing cabazitaxel
were imaged in the kidney of a mouse, and inflow through
the venous circulation could be seen before the MBs
reached the arterial circulation and filled the kidney
(Supplementary Fig. S4, online only, available at http://
dx.doi.org/10.1016/j.ultrasmedbio.2017.06.029).

Biodistribution

The biodistribution of NPs was determined 6 h post-
injection of NPMBs containing IR-780 lipid, when the
NPs are nearly cleared from the circulation. Representa-
tive fluorescence intensities from organs and tumor from
one animal are illustrated in Figure 5, as are the percent-
ages of accumulated dose in the various tissues. A stan-
dard curve (Supplementary Fig. S1) was used to
determine the amounts of NPs in the various tissues based
on measured fluorescence intensities. The average
weights of the respective organs, tumor and brain, are pro-
vided in Supplementary Table S1 (online only, available at
http://dx.doi.org/10.1016/j.ultrasmedbio.2017.06.029). A
total dose of 2 mg NPs (10 mg/mL X 0.2 mL) was injected
into each animal, and about 1% of the dose was located in
the tumor. The majority of the dose was located in the liver
and spleen. Altogether, approximately 87% of the injected
dose was found in spleen, liver, kidney, heart, lungs, tumor
and brain. The rest is likely distributed in urine, stool, skin,
muscle, bone, lymph nodes and other tissues.

Cellular uptake of nanoparticles

Cellular uptake of NPs in the breast cancer cell line
was confirmed by CLSM (Fig. 6a). The NPs were imaged
by detecting the encapsulated fluorescent dye NR668.
FCM was used to quantify cellular uptake; 90% of the
cells had taken up NPs by endocytosis after 3 h incubation

(Fig. 6b), and the median fluorescence intensity was 18
times higher than the autofluorescence. No uptake was
seen after incubation at 4°C, confirming that NR668 did
not leak from the NPs, as previously reported (Snipstad
et al. 2016; Sulheim et al. 2016).

In vitro toxicity

The in vitro toxicity of NPs with cabazitaxel for the
breast cancer cell line MDA-MB-231 was determined
with the AlamarBlue assay. Figure 7 indicates that the
drug is effective against the cell line. The free drug is
more effective than the encapsulated drug. After 24 h in-
cubation, ICsq values were 5.7 and 1.1 for the encapsu-
lated and free drug, respectively, whereas the y;,
values were 37% and 32%. The ratio between the 1Cs
values was similar even at 72 h; however, the y,,;, values
decreased with time (not shown). The empty NPs were by
themselves not toxic, except for the highest concentration
of 1000 ng/mL (not shown).

Microdistribution of nanoparticles

The microdistribution of NPs in the tumors 2 h post-
US treatment was imaged using CLSM. Representative
images from the control group that did not receive US treat-
ment and a tumor treated with FUS at an MI of 0.5 are
provided in Figure 8. Delivery of NPs to the treated tumor
was increased compared with that to the control tumor.
Many more NPs were seen in the FUS-treated tumor, and
the NPs were displaced from the blood vessel into the ECM.

Quantification of nanoparticle tumor accumulation

To obtain a semiquantitative measurement of tumor
uptake, CLSM tile scans of entire tumor sections from
each animal were acquired and analyzed. One section
from level 3 in each tumor was used (approximately
1.84 mm inside the tumor). A representative tile scan
(Fig. 9a) depicts the variation in distribution of NPs
across the tumor section (from group 6). The number of
above-threshold pixels and their intensities were
measured for each section. Results were displayed as
the number of pixels divided by the area of the respective
tumor section, for each animal in the different treatment
groups (Fig. 9b). When presented as number of pixels
multiplied by respective intensity, divided by area of
the tumor section, the results were similar (not shown).
Accumulation of NPs was not affected by low pressures
(group 2 and 3), whereas the complete bubble destruction
(group 6) and violent collapse of MBs at higher MIs
(group 7) increased the delivery of NPs to tumors. The
short flash at high MI (group 3 and 4) did not increase tu-
mor uptake of NPs. To obtain more data points and infor-
mation on the variation within tumors, sections from level
5 (approximately 2.6 mm inside the tumor) were also
analyzed for groups 1 and 6 (Fig. 9c). In general, level 5
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Fig. 4. Circulation of microbubbles. (a, b) Representative B-mode ultrasound (left) and non-linear contrast images (right)

of a tumor pre-injection (a) and post-injection (b) of nanoparticle-stabilized microbubbles. (c) Contrast intensity was

quantified (white region of interest), shown as a function of time to illustrate the time scale at which microbubbles
are present in circulation.
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Fig. 5. Biodistribution of nanoparticles in the various organs, tumor and brain. (a) Representative fluorescence intensities
from the various tissues. (b) Quantified percentage of nanoparticles in the various tissues. Means * standard deviations
of n = 4-7 animals.

sections exhibited lower NP uptake than level 3 sections.
The overall mean relative fluorescence intensity in mice
exposed to MI 0.5 was approximately 2.3 times higher
than the mean of the control group that did not receive
any US treatment, and the difference was statistically
significant (p = 0.0314).

Histology

Except for the highest MI (group 7), which caused
substantial visual hemorrhage, evaluation of HES-
stained tumor sections revealed that all other FUS treat-
ments could be considered tolerable. An example of an
overview image of a non-treated tumor section and repre-
sentative images of non-treated and treated tissue are pro-
vided in Figure 10. All sections, including the untreated,
had some areas with a few microbleeds, but there were no
significant differences between the different groups. The

microbleeds could be from fragile neoangiogenic vessels,
but there were no structural or histologic, morphologic or
pathologic differences between the different treatment
groups. The tumor was for the most circumscribed,
with a necrotic core, and infiltrative growth in adjacent
connective and muscular tissue was seen (Fig. 10a). His-
tologically, the tumor was highly cellular with varying
degrees of atypia and a lot of mitotic cells. Thus, all char-
acteristics of an aggressive, highly malignant tumor were
present (Arpino et al. 2015; Zordoky et al. 2014).
Observations of vasculature with malignant cells
confirm a metastatic model.

Treatment of tumors with NPMBs containing
cabazitaxel

As a proof-of-principle, to evaluate whether the
increased delivery of NPs to the tumor tissue would be
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Fig. 6. Cellular uptake. (a) Confocal laser scanning microscopy and bright-field images of breast cancer MDA-MB-231 cells
that have taken up nanoparticles. The encapsulated dye NR668 is shown in green. Bar = 50 um. (b) Representative
histogram from flow cytometry quantification of the uptake of nanoparticles after 3 h incubation at 4°C or 37°C.
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sufficient to improve treatment with encapsulated cyto-
static drugs, a small treatment study was performed. The
average tumor growth for the three treatment groups is
illustrated in Figure 11. Untreated animals (saline) ex-
hibited continuous tumor growth and were sacrificed on
days 62, 69 and 72 after implantation when the tumors
reached 15 mm. The group treated with NPMB-
encapsulated cabazitaxel exhibited reduced tumor growth
compared with the non-treated animals, and all animals re-
sponded to treatment, but with large variations in tumor
volume between the animals. The tumors started regrowing
approximately 80 d after implantation (50 d after treatment
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end). One animal was sacrificed on day 120 when the tu-
mor reached 15 mm; the other two animals were still alive
at the end of the study, with tumors of 13 and 4.5 mm in
length. The group treated with FUS in addition to NPMBs
with cabazitaxel had a larger reduction in tumor growth,
and from day 48, all animals were in complete remission.
At the end of the study, approximately 100 d after the
end of treatment, all animals were still alive and in com-
plete remission. Data points for all the individual animals
are illustrated in Figure 11c—e, and indicate the variation
in treatment response for the NPMB-treated tumors.

Neither the control animals nor the animals treated
with encapsulated cabazitaxel and FUS lost any weight
because of the treatment (Fig. 12).

DISCUSSION

In vivo circulation and biodistribution

In vivo circulation of NPs depends on particle mate-
rial, shape, size, surface chemistry and charge and varies
significantly between different NP formulations (Alexis
et al. 2008; Longmire et al. 2008). For efficient delivery,
the NPs must circulate for a sufficient time to
accumulate in the target tissue, and avoid premature
degradation and release of payload into the blood.
Ideally, NPs that are not delivered to the target should be
cleared before the particles release the drug. A common
strategy to increase circulation is PEGylation, which
prevents aggregation and creates a water corona around
the NP. Generally, the water corona reduces protein
adsorption and opsonization and, thus, prevents
recognition by the reticuloendothelial system in liver
and spleen (Harris and Chess 2003; Jokerst et al. 2011).

Fig. 8. Distribution of nanoparticles. Representative confocal laser scanning microscopy images from a tumor that
did not receive any ultrasound treatment (a) and a tumor treated with a mechanical index of 0.5 (b). Blood vessels (fluo-
rescein isothiocyanate) are in red and nanoparticles (NR668) in green. Bars = 50 um.
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Fig. 9. Tumor uptake of nanoparticles. (a) Example of a confocal laser scanning microscopy tile scan from an entire
tumor section from group 6 revealing nanoparticles (NPs) (NR668) in green. Bar = 1000 wm. The white circle represents
the tumor border. (b) Quantification of number of pixels with NPs (NR668), divided by the area of the respective tumor
section. Data points represent one level 3 section from each animal in the different treatment groups. Each individual an-
imal is shown (O), together with the group mean (—) = standard deviation. All data points are normalized to the mean of
group 1. Group 1: control, no ultrasound (n = 3 animals). Group 2: mechanical index (MI) = 0.1, limited microbubble
(MB) destruction (n = 3 animals). Group 3: MI = 0.1 + flash MI 1 (n = 3 animals). Group 4: flash MI 1 (n = 3 animals).
Group 5: Significant MB destruction with intermediate MI of 0.25 (n = 2 animals). Group 6: Complete MB destruction
with MI of 0.5 (n = 3 animals). Group 7: violent collapse MI 1 (n = 1 animal). Sections from both level 3 (black) and level
5 (red) are shown for groups 1 and 6 (c), n = 6 sections per group. The average in group 6 is 2.3 times higher than that in
group 1; the difference between the two groups was statistically significant (*p = 0.0314).

The majority of opsonized particles are cleared within a excreted (Alexis et al. 2008). However, it has recently
few minutes because of the high concentrations of also been reported that PEG can affect the composition
phagocytic cells in the liver and spleen, or they are of the protein corona that forms around nanocarriers and
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Fig. 10. Histology. Representative overview image of a hematoxylin, erythrosin and saffron stained section from an un-
treated breast cancer MDA-MB-231 tumor (a), and images of non-treated (b) and treated (c) tissue. Bars = 1000 um (a)
and 50 um (b, c).

that the presence of distinct proteins is necessary to prevent
non-specific cellular uptake (Schottler et al. 2016). The
NPs used in the present work had a half-life of 136 min,
which is more than three times that of their PBCA counter-
parts with similar PEGylation, as determined in our previ-
ous work (Aslund etal. 2017). The increased circulation is
likely due to increased PEGylation, a decreased degrada-
tion rate (Muller et al. 1992; Sulheim et al. 2016) and
presumably a slower dissociation/release of PEG from
the particle surface. The more hydrophobic polymer
(PEBCA vs. PBCA) could also provide stronger
anchoring of the PEG, which is attached by hydrophobic
interactions. Similar half-lives on the order of a few hours
have also been reported by others, for PBCA NPs loaded
with doxorubicin (Reddy and Murthy 2004) and for hexa-
decyl cyanoacrylate (PHDCA) NPs (Fang et al. 2006).

The amount of NPs accumulating in the tumor was
measured when the NPs were nearly cleared from the cir-
culation (6 h post-injection), and 1% of the injected NP
dose was found to be located in the tumor. This corre-
sponds well with the reported median of 0.7% from a sur-
vey of 117 reports during the past 10 y (Wilhelm et al.
2016), and with reported liposome uptake in human tu-
mors (Harrington et al. 2001). This is a clear improve-
ment compared with what has been reported for
chemotherapeutic drugs, where only 0.001% to 0.01%
of the injected drug reaches the tumor (Gerber et al.
2009; Kurdziel et al. 2011). The majority of the NPs
were found in the liver and spleen, which corresponds
well with the literature (Douglas et al. 1986; Harrington
et al. 2001; Owens and Peppas 2006; Tang et al. 2014;
Wilhelm et al. 2016), and would also be expected
because these organs are responsible for clearing
particles larger than 100 nm (Alexis et al. 2008; Desai
2012). As expected, fewer NPs were localized in the
kidneys, likely because the NPs do not degrade much
during this period (Sulheim et al. 2016).

The MBs were injected intra-venously, and could be
imaged in venous and arterial circulation using a pre-
clinical US scanner. In the tumor tissue, NPMBs could

be detected for approximately 4-5 min, which is
comparable to times for other commercial MBs
(Hyvelin et al. 2013). The washout of MBs is due to
MB collapse and clearance from the vasculature by retic-
uloendothelial system capture (Hyvelin et al. 2013). We
cannot exclude that, in addition to circulating MBs,
some MBs might be adhering to the microvasculature.

In vitro cellular uptake and toxicity

The uptake of PACA NPs has been observed to vary
greatly between different cell lines and for NPs of
different polymers (Sulheim et al. 2016). The efficient
in vitro uptake of PEBCA NPs observed for the MDA-
MB-231 breast cancer cell line indicates that once the
NPs have reached the tumor interstitium, they can effec-
tively be taken up by the breast cancer cells by endocy-
tosis. Once the NPs have been internalized, they should
eventually degrade to release the cytostatic cargo. Based
on the in vitro toxicity, this cell line responds well to the
drug, and the encapsulated drug is also efficient. If the
NPs were not internalized, alternative mechanisms would
be that the NPs degrade and release the drug extracellu-
larly, followed by cellular uptake of the free drug, or
that the drug is delivered by direct contact-mediated
transfer into cells, which has been observed for other hy-
drophobic model drugs (Snipstad et al. 2014). The degra-
dation of PACA nanoparticles has been characterized
previously (Sulheim et al. 2016), and occurs mainly by
surface erosion after hydrolysis of the ester bond of the
alkyl side chain of the polymer, resulting in the degrada-
tion products alkyl alcohol and poly(cyanoacrylic acid),
which are excreted by the kidneys (Vauthier et al. 2003).

Ultrasound-enhanced delivery of nanoparticles

To determine the optimal treatment for this NPMB
and achieve enhanced delivery of NPs to the tumor tissue,
various US treatments were investigated. An understand-
ing of cavitation processes is crucial to maximizing effi-
ciency and tolerability in US-mediated drug delivery. The
response of a MB to US depends highly on the frequency,



US improves effect of nanoparticle-stabilized MBs @ S. SNIPSTAD ef al.

a

1200

—@— Control, saline
1000 - —a— NPMB-cab
A— NPMB-cab + US

E 500
£
1]
£

3 600
[]
>
:

£ 400
=

200

0

0 2? T 40 60 80 100 120 140
Time after implantation of cells (days)
b
100
90 - —@— Control, saline
—a&— NPMB-cab
80 -

A— NPMB-cab + US
70 -

60 -

Tumor volume (mm?3)
(O]
o
1

40 -~

30 A

20 -

10

O ‘ T

0 10 ZOT T?aO 40 50
Time after implantation of cells (days)

(o] d e

1200 1200 1200
"‘g 1000 - N 1000 - 1000 -
E 800 s 800 - " 800 -|
Z .
S 600 o 600 - 600 -
© = = u
> 400 & 400 - = " 400 -
S I
£ 200 - o 200 - n 200 -|
= <° : a®

0 oo 2 . 0 s gl LN 0 - - e —
0 50 100 150 0 50 100 150 0 50 100 150

Time after implantation of cells (days)

Fig. 11. Tumor volume as a function of time after implantation of cells (day 0). (a) Mice were treated with saline,

nanoparticle-stabilized microbubbles (NPMBs) with cabazitaxel or NPMBs with cabazitaxel and focused ultrasound

(a). Treatments were performed on days 21 and 29 (arrows). Data are means and standard deviations from n = 4 animals

in each group until day 35 and from n = 3 animals per group from day 37. (b) Zoomed-in figure is shown for the first 50 d.

(c—e) Data points for all the individual animals treated with saline (c), NPMBs with cabazitaxel (d) and NPMBs with
cabazitaxel and focused ultrasound (e), with different colors representing different animals.
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tions from n = 4 animals in each group until day 35 and from
n = 3 animals from day 37.

pressure level and pulse duration (Lammertink et al.
2015; Lentacker et al. 2014), as well as properties of
the MB such as size, shell thickness and stiffness
(Lentacker et al. 2014). The effect of US-mediated deliv-
ery of NPs also depends on tumor characteristics as the
barriers for delivery of nanomedicine can vary greatly be-
tween tumor types.

In the breast cancer model used here, lower acoustic
pressures (MI of 0.1 or 0.25) did not enhance tumor up-
take of NPs. Acoustic characterization (data not shown)
and in vitro US contrast imaging of NPMBs have indi-
cated that the NPMBs are acoustically active and oscillate
at these pressure levels, and that there is partial destruc-
tion at an MI of 0.25. Still, these low pressures did not
affect the vascular permeability enough to allow extrava-
sation of NPs in vivo. It has been suggested that US inten-
sities may be adapted to create pore sizes that correlate
with drug size (Lentacker et al. 2014), and that delivery
of larger agents such as NPs may require higher US pres-
sures compared with delivery of low-molecular-weight
drugs (Wang et al. 2015).

At higher acoustic pressures (MIs of 0.5 and 1), the
delivery of NPs to tumors was improved, indicating that
complete destruction of the NPMB is necessary for
enhanced permeability. At an MI of 0.5, there was signif-
icantly improved tumor accumulation; the amount of NPs
delivered was, on average, 2.3 times higher than that for
the non-treated group. If the MB is located close enough
to the capillary wall, the oscillating and collapsing MB
will induce forces on the endothelial cells through shear
stresses, fluid streaming, shock waves and jet streams.
The increased extravasation and distribution of NPs are
thus likely due to one or a combination of the following:
increased vascular permeability through increased number
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of fenestrations, increased endocytosis/exocytosis of NPs
in endothelial cells and increased fluid convection in the
vasculature and interstitium (Burke et al. 2014; Frenkel
2008; Lentacker et al. 2014). The variation in NP
accumulation within treatment groups is likely due to the
different amounts of vasculature between different
tumors, as well as variations in leakiness of the
vasculature and different size of the necrotic core. The
short flash of MI 1 did not improve the uptake of NPs,
indicating that a longer pulse is needed. The longer pulse
might push the MB toward the vessel wall, possibly
resulting in closer proximity to the endothelial cells at
the time of the MB bursts. During the long pulse, the
NPMB will burst, and the released gas can form new
and possibly smaller MBs, which again will oscillate and
potentially coalesce. Altogether, long pulses facilitate
sustained bio-effects from the oscillating bubbles.

Except for the highest MI (1.0), which caused sub-
stantial visual hemorrhage, evaluation of HES-stained tu-
mor sections revealed that all other FUS treatments can
be considered tolerable. When bleeding is induced by iner-
tial cavitation, a large amount of extravasated NPs would
also be expected. The fact that tissue damage was observed
at MI 1, but not at 0.5, suggests that the threshold for iner-
tial cavitation is > 0.5 for our NPMBs. This indicates a
window where enhanced accumulation can be achieved
without damaging the tissue, at an MI of 0.5.

Focused US-mediated delivery of NPs to tumor tis-
sue has been reported by others using MIs even higher
than those used here. High pressure (1 MHz, 1.2 MPa)
was used by Lin et al. (2010) to deliver lipid-coated quan-
tum dots by pulsed FUS and SonoVue, and they
concluded that they effectively enhanced vascular perme-
ability in the sonicated tumors. They reported no cellular
damage in the sonicated tumors. They did, however, use a
slightly lower duty cycle of 1%. The same treatment was
used to increase delivery of PEGylated liposomal doxoru-
bicin (Lin et al. 2012). Wang et al. (2015) hypothesized
that delivery of nanocarriers similar in size to those
used in our work required inertial cavitation. They used
a subcutaneous, well-vascularized xenograft of human
colon cancer in mice, and found that the amount of NPs
delivered increased with increasing acoustic pressures.
They reported that US induced only minimal tissue dam-
age, but slightly increased hemorrhage was observed at
higher acoustic pressures (1.8 MHz, 0-6.9 MPa). They
used 1000 bursts of 5 cycles delivered at a PRF of 100 Hz.

The direct association between NPs and MBs will
probably result in a higher local concentration of NPs
when the MBs are destroyed, compared with co-injection
of NPs and MBs. Burke et al. (2014) used poly(lactic-co-
glycolic acid) (PLGA) NPs linked to MBs and found
that ultrasonic activation of the MBs increased delivery
to the tumor, and that the loaded drug 5-fluorouracil could
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reduce tumor growth and prolong survival in mice with
subcutaneous, well-vascularized C6 gliomas. Their NPs
were similar in size to those used here, and Burke et al.
reported that coupling the NPs to MBs resulted in more
efficient delivery compared with a co-injection of NPs
and MBs.

Treatment of tumors with NPMBs loaded with
cabazitaxel

The efficient reduction in tumor growth observed us-
ing our NPMBs in combination with FUS is highly prom-
ising for enhanced, localized delivery of encapsulated
chemotherapeutic drugs. The tumors treated with
NPMBs with cabazitaxel and FUS went into complete
remission. This is probably due to the enhanced accumu-
lation and improved distribution of NPs, observed after
FUS exposure of MI 0.5, and the effective cellular uptake.

All tumors treated with NPMB-encapsulated cabazi-
taxel, but no FUS, responded to treatment and exhibited
reduced growth compared with control animals. They
were in stable remission until approximately 80 d after
implantation (50 d after treatment end), before starting
to regrow with large variation between the animals. The
improved therapeutic response combining FUS with
NPMBs, compared with NPMBs alone, indicates that
the EPR effect for the NPs was not sufficient on its
own. This could be due to low vascular density and
permeability, as well as necrotic regions. Cabazitaxel,
like the other taxanes, binds to tubulin molecules and,
thus, inhibits microtubule depolymerization, thereby
blocking mitosis and causing cell death (McGrogan
et al. 2008; Vrignaud et al. 2013, 2014). Cabazitaxel
has been found to be effective against tumors with
resistance to other taxanes, and it affects predominantly
tissue with a high cell turnover. It is thus possible that
some quiescent cells respond less, causing the observed
variations between tumors. For the treatment to be
curative, every single cell must be eradicated. However,
cancer cells with therapeutic resistance, such as
hypoxic cells and cancer stem cells, may reside in
perinecrotic and/or hypoxic regions and niches with
low accumulations of nanocarriers (Hansen et al. 2015).

With respect to the tolerability and toxicity of the
treatment, weight loss, which is a common side effect
of treatment with cytostatic drugs, was not observed for
any of the treatments, nor was FUS-induced bleeding
observed using an MI at 0.5.

Focused ultrasound treatment with MBs and nano-
medicine could possibly be used as a curative treatment,
as neoadjuvant chemotherapy for solid tumors followed
by surgical resection or in combination with/after surgery
or radiation to remove residual cells. The first clinical
phase I trial combining FUS and MBs with chemotherapy
has already been reported; 10 patients with inoperable,

locally advanced pancreatic cancer received an
infusion of gemcitabine, followed by SonoVue injected
intra-venously during US treatment (Dimcevski et al.
2016). These results illustrate the potential of combining
FUS with MBs for increased efficacy of therapeutic
drugs, and indicates that our NPMB is a promising novel
platform for such applications.

CONCLUSIONS

Ultrasound sonication and destruction of NPMBs
were found to substantially improve the accumulation
and distribution of NPs in tumors, at a tolerable pressure
level. US in combination with NPMB-encapsulated caba-
zitaxel resulted in complete, stable remission in all treated
animals, clearly indicating that this unique NPMB plat-
form is very useful for controlled drug delivery.
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