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Abstract—Delivery of drugs and nanomedicines to tumors is often heterogeneous and insufficient and, thus, of
limited efficacy. Microbubbles in combination with ultrasound have been found to improve delivery to tumors,
enhancing accumulation and penetration. We used a subcutaneous prostate cancer xenograft model in mice to
investigate the effect of free and nanoparticle-encapsulated cabazitaxel in combination with ultrasound and
microbubbles with a lipid shell or a shell of nanoparticles. Sonopermeation reduced tumor growth and prolonged
survival (26%�100%), whether the free drug was co-injected with lipid-shelled microbubbles or the nanoformu-
lation was co-injected with lipid-shelled or nanoparticle-shelled microbubbles. Coherently with the improved
therapeutic response, we found enhanced uptake of nanoparticles directly after ultrasound treatment that lasted
several weeks (2.3£�15.8£ increase). Neither cavitation dose nor total accumulation of nanoparticles could
explain the variation within treatment groups, emphasizing the need for a better understanding of the tumor
biology and mechanisms involved in ultrasound-mediated treatment. (E-mail: sofie.snipstad@sintef.no) © 2021
The Author(s). Published by Elsevier Inc. on behalf of World Federation for Ultrasound in Medicine & Biology.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTION

Chemotherapy, alone or in combination with other treat-

ment modalities, is one of the most common treatments

for cancer patients (Chabner and Roberts 2005; Miller et

al. 2019), but a lack of specificity combined with unfa-

vorable pharmacokinetic properties limits the therapeutic

benefit of the drugs. Only a small fraction of the dose

reaches the target site (Kurdziel et al. 2011), and sys-

temic toxicity limits the amount that can be adminis-

tered. Several cytotoxic drugs have been encapsulated

into nanoformulations with the aim of achieving more

controlled delivery through passive targeting by the

enhanced permeability and retention effect, triggered tar-

geting or active targeting, and reduced side effects

because of limited off-target accumulation (Lammers et

al. 2012; Sanna et al. 2014). Nanocarriers may offer
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advantages such as improved control of pharmacokinet-

ics and biodistribution, protection of the drug from pre-

mature interaction or degradation, improved cellular

uptake, controlled and prolonged release profiles and

combination therapies (Peer et al. 2007). Although many

of the evaluated and approved nanoformulations have

succeeded in reducing systemic toxicity, efficacy has

only been improved in specific cases (Lammers et al.

2012; Anselmo and Mitragotri 2016; Petersen et al.

2016; Shi et al. 2017).

Small-molecule cytotoxic drugs and nanoparticles

(NPs) are hindered by several biological barriers in the

tumor microenvironment such as poorly perfused and

necrotic regions, heterogeneous permeability of the vas-

cular wall, high interstitial fluid pressure, a dense tumor

stroma and extracellular matrix, cancer cell membranes

and drug resistance (Lammers et al. 2012; Wilhelm et al.

2016). Recent findings suggest that active uptake

through endothelial cells is more important than passive
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uptake through the enhanced permeability and retention

effect (Sindhwani et al. 2020) and that less than a percent

of the injected dose of NPs is typically delivered to solid

tumors (Wilhelm et al. 2016; Dai et al. 2018). One strat-

egy increasingly applied to enhance local drug delivery

is treatment of the tumor with ultrasound and microbub-

bles (MBs) to induce sonopermeation (Snipstad et al.

2018). The local oscillation of MBs caused by ultrasound

can result in several bio-effects that enhance the perme-

ability of the target tissue, allowing enhanced accumula-

tion and improved penetration of the therapeutic agent.

These effects have been explored in multiple preclinical

studies (Lentacker et al. 2014; Liu et al. 2014; Lammer-

tink et al. 2015; Boissenot et al. 2016; Van Wamel et al.

2016a, 2016b; A
�
slund et al. 2017a; Snipstad et al.

2017b; Lamsam et al. 2018; Meng et al. 2019) and in

several published and ongoing clinical trials (Clinical-

Trials.gov identifiers NCT04146441, NCT03458975,

NCT03477019, NCT04021420, NCT03385200 and

NCT04021277) (Kotopoulis et al. 2013; Carpentier et al.

2016; Dimcevski et al. 2016; Wang et al. 2018; Idbaih et

al. 2019; Mainprize et al. 2019). Sonopermeation has

been used to improve delivery and accumulation of a

wide range of substances to solid tumors and across the

blood�brain barrier, including chemotherapeutic drugs,

neurotrophic factors, interleukins, antibodies, viral vec-

tors and genes, NPs, stem cells and cells for immuno-

therapy (Snipstad et al. 2018). Various types of MBs are

available for sonopermeation; however, all commer-

cially available MBs were made and are approved for

diagnostic purposes. Inclusion of NPs on the MB shell

has been reported to make delivery of NPs more effec-

tive both in vivo (Burke et al. 2011, 2014) and in vitro

(De Cock et al. 2016).

We have previously reported an in-house-made

treatment platform consisting of protein MBs stabilized

by polymeric NPs (NPMBs) containing the cytotoxic

drug cabazitaxel and fluorescent dyes for imaging,

coated with poly(ethylene glycol) (PEG) (Mørch et al.

2015). Cabazitaxel is an anti-microtubule agent that

inhibits mitosis and promotes apoptosis. It is effective

against cancers with resistance to other taxanes, and is

approved for treatment of metastatic prostate cancer.

The poly(alkyl cyanoacrylate) (PACA) NPs have been

characterized with respect to cellular uptake, degradation

and toxicity (Sulheim et al. 2016, 2017), surface PEGy-

lation (A
�
slund et al. 2017b), stability of fluorescent pay-

loads (Snipstad et al. 2014, 2017a), in vivo circulation

time and biodistribution (A
�
slund et al. 2017b; Snipstad

et al. 2017b) and efficacy (Fusser et al. 2019). NPMBs

have also been used to enhance the delivery and thera-

peutic effect of NPs in solid tumors (Snipstad et al.

2017b; Yemane et al. 2019) and across the blood�brain

barrier (A
�
slund et al. 2015; Baghirov et al. 2018;
Sulheim et al. 2019). In our previous study (Snipstad et

al. 2017b), we compared NPMBs used with and without

ultrasound. In the present study, we aimed to investigate

the effect of sonopermeation on delivery of free and NP-

encapsulated cabazitaxel to solid tumors, and we hypoth-

esized that sonopermeation would improve delivery of

both formulations. We further aimed to compare the

therapeutic effects of two different types of MBs: a co-

injection of the two forms of cabazitaxel (clinically for-

mulated and nanoformulated) with SonoVue, and nano-

formulated cabazitaxel co-injected with in-house-made

NPMBs with a shell of NPs. We hypothesized that the

NPMBs would be more efficient because of the close

proximity between MBs, NPs and tissue (De Cock et al.

2016). Based on previous experience with subgroups of

responders and non-responders, we also aimed to evalu-

ate if therapeutic response or variation within groups

could be predicted by cavitation dose or measured tumor

uptake of NPs. Furthermore, another tumor model was

used, more control groups were included and the group

sizes were increased compared with those in the previous

efficacy study (Snipstad et al. 2017b).
METHODS

All chemicals were purchased from Sigma-Aldrich

(St. Louis, MO, USA) unless otherwise specified.
Formulation of cabazitaxel, NPs and MBs

Cabazitaxel was administered either as the clinical

formulation Jevtana or encapsulated in poly(2-ethylbutyl

cyanoacrylate) (PEBCA) NPs. To make Jevtana, cabazi-

taxel (Biochempartner Co. Ltd, Wuhan, Hubei, China)

was dissolved in distilled water with 1040 mg/mL poly-

sorbate 80 (Tween 80) to 40 mg/mL and from there in

13% (w/w) ethanol to 10 mg/mL. Sodium chloride

(0.9%) was then added before injection, resulting in a

final concentration of 3 mg/mL.

To synthesize PEBCA NPs, a one-step mini-emul-

sion polymerization was performed as previously

described (Mørch et al. 2015). Briefly, a water phase

containing Brij L23 (7 mM, 23 PEG units, MW 1225)

and Kolliphor HS15 (9 mM, 15 PEG units, MW 960) in

0.1 M HCl was mixed with an oil phase consisting of the

monomer 2-ethyl butyl cyanoacrylate (Cuantum Medi-

cal, Bellaterra, Spain), 4 wt% Miglyol 812 (co-stabilizer,

Cremer, Hamburg, Germany), 2.2 wt% vanillin, 10% w/

v cabazitaxel, 0.12 wt% of the fluorescent dye NR668

(Klymchenko et al. 2012; Snipstad et al. 2017a) and 0.12

wt% of the near-infrared fluorescent dye IR780-lipid

(Jacquart et al. 2013). The mixture was sonicated for

3 min on ice (50% amplitude, Branson Ultrasonics Digi-

tal Sonifier 450, Danbury, CT, USA). The solution was

kept on rotation (15 rpm, SB3 rotator, Stuart, UK)
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overnight at room temperature before adjusting the pH to

5 using 0.1 M NaOH. Polymerization was continued for

5 h at room temperature on rotation. The dispersion was

dialyzed (Spectra/Por dialysis membrane MWCO 12-

14000 Da, Spectrum Labs, Rancho Dominguez, CA,

USA) against 1 mM HCl to remove unreacted PEG.

Size, zeta potential and size distribution of the NPs were

measured by dynamic light scattering (Zetasizer, Mal-

vern Instruments, Malvern, UK). Drug loading was mea-

sured by extracting the drug from the particles by

dissolving them in acetone at 1:10 NPs:acetone, before

quantification by high-pressure liquid chromatography

coupled to mass spectrometry (LC-MS/MS, Agilent

6490 triple quadrupole coupled with Agilent 1290

HPLC, Agilent Technologies, Santa Clara, CA, USA).

Directly before injection into mice, the NPs were diluted

in 0.9% sodium chloride to a concentration of 36.7 or

14.3 mg NP/mL.

NPMBs were made by mixing 0.75% w/v PEBCA

NPs with casein (0.5% w/v) in 0.9% phosphate-buffered

saline. The solution was saturated with perfluoropropane

for 10 s (F2 Chemicals, Preston, UK) before being mixed

with an Ultra Turrax (24,000 rpm, Branson Ultrasonics,

Danbury, CT, USA) for 4 min. The resulting MBs were

imaged in Countess cell counting chambers (ThermoFisher

Scientific, Waltham, MA, USA) and analyzed in ImageJ

(National Institutes of Health, Bethesda, MA, USA)

(Schneider et al. 2012) to determine size and concentration.

The resulting MB solution contains an excess of free NPs

(approximately 99% of the NPs are free, the remainder are

on MBs). On removal of free NPs from the solution, the

NPMBs become less stable, which is why we decided to

keep the remaining NPs in solution. To visualize the mor-

phology of the NPMBs, they were sputter coated with 5-

nm gold (Cressington 308 R, Cressington Scientific Instru-

ments Ltd, Watford, UK) and imaged by scanning electron

microscopy (SEM) using an S5500 S(T)EM (Hitachi High-

Tech Corp., Tokyo, Japan).

SonoVue were prepared according to the supplier’s

(Bracco Imaging, Milan, Italy) recommendations. Five

milliliters of sodium chloride 9 mg/mL (0.9%) solution

was injected through the septum into the contents of the

vial. The vial was then shaken vigorously for 30 s until

the lyophilizate was completely dissolved. The MBs

were imaged in Countess cell counting chambers

(diluted 10 £) and analyzed in ImageJ to determine size

and concentration.

Cell culture

Prostate adenocarcinoma (PC3) cells (American

Type Culture Collection, CRL-1435, Manassas, VA,

USA) were cultured in Dulbecco’s modified Eagle’s

medium (Gibco Invitrogen, Carlsbad, CA, USA) supple-

mented with 10% fetal bovine serum and 1% v/v
penicillin�streptomycin (100 U/mL and 100 mg/mL).

The cells were maintained in exponential growth at 37˚C

with 5% CO2. Before tumor inoculation, the cells were

detached by trypsinization, counted and resuspended in

medium.

Animals and tumor xenografts

Female balb/c nude mice were purchased at 8 wk of

age from Janvier Labs, France. They were housed in

groups of six in individually ventilated cages in a spe-

cific pathogen-free environment at 22˚C�23˚C and

50%�60% relative humidity, on a 12 h light/dark cycle

and with 70 air changes per hour and free access to food

and sterile water. They were fed RM1 expanded pellets

(Special Diets Services, Essex, UK), and the cages were

enriched with housing, nesting material and gnaw sticks.

During all experiments, the animals were anesthetized

by inhalation of 2%�3% isoflurane (Baxter, Deerfield,

IL, USA). Anesthesia was maintained with isoflurane in

0.4 L/min O2 and 0.6 L/min N2O during catheterization,

imaging and general handling, and in 1.0 L/min medical

air during the ultrasound treatments and ultrasound

imaging to avoid reduced circulation time of the MBs

(Mullin et al. 2011).

To establish subcutaneous tumor xenografts,

3£ 106 cells in 50 mL of medium were injected into the

hind leg. The tumors were measured, and the animals

weighed once or twice a week by a blinded researcher

who did not know to which group the animals belonged.

Tumor volume was calculated as plw2/6, where l is the

length and w is the width of the tumor measured with

calipers. A tail vein catheter (24 GA BD Neoflon, Bec-

ton, Dickinson, Franklin Lakes, NJ, USA) was placed

for intravenous injection of drug and MBs. During

implantation, treatment and imaging, the body tempera-

ture was maintained by placing the mouse on a heating

pad or under a heating lamp, and the eyes were kept

moist (Viscotears, Alcon, Geneva, Switzerland). When

the tumors reached 15 mm in length, the animals were

euthanized by cervical dislocation, and tumor and organs

were excised. All experimental procedures were

approved by the Norwegian Food Safety Authority.

MBs circulation time

The circulation time of MBs was investigated by

comparing the pulsed wave (PW) Doppler signals from

the carotid artery in mice using the Vevo3100 (Fujifilm

Visualsonics, Toronto, Canada) and the MX550 D trans-

ducer at 32 MHz. The signal intensity of the PW Doppler

spectrum increases when MBs are injected, and as they

clear from circulation, the signal level returns back to

baseline. A total of four mice were included, and each

mouse received two injections of SonoVue and two

injections of NPs+NPMBs, each of 50-mL given 10 min
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apart. The carotid artery was located by scanning in

B-mode, and the PW Doppler cursor was placed on the

artery. The transducer was kept in a fixed position during

the entire experiment, and the gain level was adjusted to

a minimum, to avoid signal saturation as the MBs were

injected. Data were recorded for 3�5 min after each

injection. After the last injection, the mice were eutha-

nized by cervical dislocation while in general anesthesia.

The radiofrequency signal from the scanner was

exported to MATLAB (R2019 a, The MathWorks Inc.,

Natick, MA, USA), and the linear signal intensities of all

the pixels in the PW Doppler spectrum from each heart-

beat were summed to give one data point on the time-

�intensity curve. The data were filtered to account for

time variations caused by breathing and then normalized

to compare the two bubble types. The heart rate of the

animals was monitored during injections.

Ultrasound setup and treatment

For ultrasound treatment, the mouse was positioned

on top of a water tank with the tumor-bearing leg low-

ered into the water through a 10-mm opening in the lid

as described previously (Snipstad et al. 2017b) and seen

in Figure 1. The surface of the lid was covered with an

absorbing material to avoid standing waves (polyester

wadding of 7-mm thickness). A custom-made single-ele-

ment focused ultrasound transducer with a center fre-

quency of 1 MHz was used (Imasonic SAS, Voray sur

l�Ognon, France). The geometric focus of the transducer

was at 12 cm, but to ensure that the entire tumor would

be sonicated, the tumor-bearing leg was positioned at

19 cm, which is in the far field of the transducer. The

transducer was calibrated in an Onda AIMS III water

tank with an HGL-0200 hydrophone (Onda Corp., Sun-

nyvale, CA, USA), and the beam widths at 19 cm were

found to be 6 and 10 mm at 3 and 6 dB, respectively. A

waveform generator (33500 B, Keysight Technologies,
Fig. 1. Schematic of the ultrasound setup and graphic overview
sound setup includes gas anesthesia for the animal, a water tan
tion, as well as a signal generator, an amplifier and an os

NP = nanoparticles; US = ultrasound; SV = SonoVue; NP
Santa Rosa, CA, USA) and a 50-dB power amplifier

(2100 L from Electronics and Innovations Ltd., Roches-

ter, NY, USA) were used to generate ultrasound waves

with a pulse length of 10 ms (10,000 cycles) and a peak

negative pressure of 0.5 MPa (mechanical index = 0.5).

A pulse repetition frequency of 0.25 Hz was applied

(duty cycle of 0.25%), and the total treatment time was

15 min.

Passive cavitation detection was included using an

unfocused 5-MHz transducer (V307-SU, Olympus,

Tokyo, Japan) with an aperture of 2.54 cm, positioned in

the corner of the water tank and pointed toward the

immersed tumor-bearing leg, as illustrated in Figure 1.

Each treatment consisted of 225 bursts, and the first mil-

lisecond of the acoustic signal from each burst was

recorded at a sample rate of 100 MS/s by an oscilloscope

(LeCroy Wavesurfer 44 Xs, Teledyne LeCroy, Chestnut

Ridge, NY, USA) and transferred to a laptop for further

analysis in MATLAB. The frequency content of the

received signal was analyzed using Welch’s overlapped

averaging estimator with a moving Gaussian window

with 50% overlap. A window size one-eighth of the total

size of the recorded signal was chosen both to minimize

the noise level and to preserve the frequency content.

The cavitation dose per burst was defined as the mean

broadband signal level in the frequency ranges between

harmonic and superharmonic peaks in the frequency

range from 1.5 to 5 MHz (i.e., 1.6�1.9, 2.1�2.4,

2.6�2.9, 3.1�3.4, 3.6�3.9, 4.1�4.4 and 4.6�4.9 MHz).

The cavitation dose for each burst transmitted during the

15 min of ultrasound treatment was found for each treat-

ment and animal, and the standard deviation within treat-

ment groups was calculated. The total cavitation dose for

each treatment was found by summing the doses of indi-

vidual bursts. Spectrograms of the recorded data from

each treatment were calculated using a moving Gaussian

window of 10,000 samples and 50% overlap.
of the treatment groups included in the study. The ultra-
k with the transducers for treatment and cavitation detec-
cilloscope connected to a computer. cab = cabazitaxel;
MB = microbubbles stabilized by NPs and protein.



Fig. 2. Timeline and graphic representation of the groups. Green shading represents ultrasound treatment, orange shad-
ing represents near-infrared imaging and blue shading represents tumor size measurements or injections. NP = nanopar-

ticles; NPMB = microbubbles stabilized by NPs and protein; US = ultrasound.
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Whole-animal imaging and image analysis

The biodistribution and tumor uptake of NPs were

measured using a near-infrared Pearl Impulse small

imaging system (LI-COR Biosciences, Lincoln, NE,

USA). Excitation and emission settings were 785 and

820 nm, respectively. The animals were imaged before

and approximately 24 min after the first NP injection in

weeks 1, 2 and 3 (approximately 9 min after the end of

ultrasound treatment to give the NPs some time to

extravasate). In addition, they were imaged in weeks 5

and 7. All images were processed in Fiji (ImageJ 1.51 c),

and the mean fluorescence was quantified from regions

of interest on the tumor-bearing leg and the healthy con-

trol leg on the opposite side. The researcher who per-

formed the analysis was blinded and did not know which

animals belonged to which groups. Regions of interest

were also made on the abdominal and thoracic regions of

the animal to quantify the amounts of NPs in the differ-

ent organs for one selected time point.

Treatment groups and dosing

A total of 100 mice were included in this part of the

study. They were randomly distributed into seven treat-

ment groups:

1. Control (no treatment), n = 15

2. Free cabazitaxel (cab), n = 13

3. NPs with cabazitaxel (NP-cab), n = 14

4. NPs and NPMBs with cabazitaxel (NP + NPMB-cab),

n = 16

5. Free cabazitaxel + Sonovue + ultrasound (cab + SV+US),

n = 12

6. NPs with cabazitaxel + Sonovue + ultrasound (NP-cab +

SV +US), n = 14
7. NPs and NPMBs with cabazitaxel + ultrasound

(NP + NPMB-cab + US), n = 16

The treatment started 11 d after cell inoculation,

when the mean tumor size was 59 § 15 mm3 (with a

length of approximately 5�6 mm) and was repeated

once a week for 3 consecutive wk. The animals in the

control group (group 1) were anesthetized but received

no treatment. The animals in groups 2�7 received a

weekly dose of 0.15 mg cabazitaxel per mouse in differ-

ent forms (7.5 mg/kg for a 20-g mouse, mean weight:

20.7 § 1.1 g on inoculation day). Groups 3, 4, 6 and 7

received the same total dose of NPs, 1.84 mg PACA NPs

per mouse; however, groups 4 and 7 received 61% of the

NP dose as NPMB solution. A graphic representation of

the various groups is provided in Figure 1, and the differ-

ent treatment schemes and injection volumes are illus-

trated in Figure 2. For all groups to which MBs were

administered (groups 4�7), the first MB bolus was

administered directly after the injection of cabazitaxel or

NPs, and the three MB boluses were given at 0, 3 and

6 min in the total 15-min ultrasound treatment. The same

time points were also used for the groups that received

MBs but no ultrasound. SonoVue was administered

undiluted to administer approximately the same amount

of MBs as for the groups treated with NPMBs.

Mice with tumors smaller than 200 mm3 2 wk after

the last treatment (day 29) were defined as partial respond-

ers, whereas mice with tumors smaller than 25 mm3 at the

end of the study (day 92) were defined as responders.

The effect of ultrasound and MBs alone without any

drugs was studied in a separate experiment. Treatment

started at day 18 with average tumor size of 98 § 35

mm3, and ultrasound treatment was given for 9 min



Fig. 3. Characterization of MBs. (a) Size distribution of SonoVue and NPMBs based on the analysis of 3 batches. (b)
Scanning electron microscopy image of the NPMB. (c, d) Bright field microscopy images of NPMBs and (d) SonoVue.

NP = nanoparticles; NPMB =microbubbles stabilized by NPs and protein; SV = SonoVue.
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instead of 15 min. The mouse strain, tumor model and

experimental design were otherwise the same as described

above. To reduce the number of mice, ultrasound only

was not included as the ultrasound exposure level is not

expected to cause any bio-effects. A total of 31 animals

were included and divided randomly into four groups:

1. Control (no treatment), n = 8

2. SonoVue and ultrasound (SV + US), n = 7

3. Empty NPs + NPMBs and ultrasound (NP + NPMB +

US), n = 8

4. Free cabazitaxel (cab), n = 8

Statistical analysis

Statistical analysis was performed using R and

Python. A significance level of 0.05 was used to assess

statistical significance in all hypothesis tests. As it was

of interest to compare the tumor growth of all seven

groups at individual time points, multiple Shapir-

o�Wilk tests were conducted to test for normality. It

was concluded that the data were not univariate nor-

mal for most time points and groups, especially at later

time points. As the data were not normal, a non-

parametric method, pairwise Wilcoxon rank sum tests,

was performed to test for significance. To handle the
problem of multiple comparisons, the false discovery

rate was used to adjust the p values. The tumor growth

analysis was performed with Stats (R Core Team

2017) package in R.

Survival was analyzed through Kaplan�Meier esti-

mates using the log-rank test to check for significance.

As it was of interest to compare groups, pairwise log-

rank tests were performed using the Bonferroni correc-

tion. For each individual time point, only groups contain-

ing more than three mice were included in the hypothesis

testing. The survival analysis was done using the Life-

lines (Davidson-Pilon 2019) library in Python.

RESULTS

NPs and MBs

Cabazitaxel formulated as Jevtana formed micelles/

clusters around 10 nm in size in aqueous solution (Sulheim

et al. 2019). The average size of the cab-loaded NPs was

169 § 94 nm, with a polydipersity index of 0.175, zeta

potential of�3.2§ 4.4 mV and drug loading of 8.2%. The

average size of the NPMBs was 2.4§ 1.3mm, and the con-

centration was (6 § 0.32)£ 108 MBs/mL. The size distri-

butions of the NPMBs and SonoVue are illustrated in

Figure 3, along with a SEM image of the NPMBs and
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microscopy images of NPMBs and SonoVue. SonoVue

was found to have a size and concentration of 2.4 § 0.4

mm and 3£ 108 MBs/mL, respectively, which correspond

well to those reported previously (2.5 mm and 1�5£ 108

MBs/mL) (Schneider 1999).
Circulation time of MBs

Repeated injections of MBs in mice revealed that the

average circulation half-lives of SonoVue and NPMBs

were 27.5 § 8.5 and 50.3 § 18.1 s, respectively. At 180 s

after the injection, the signal level was 15.4 § 2.5% of the

maximum for SonoVue and 20.6§ 6.4% for NPMBs. Sup-

plementary Figure S1 (online only) is a representative time-

�intensity plot. On the basis of the measured circulation

time, the treatment schedule with three repeated injections

at 0, 3 and 6 min was chosen. Shortly after the injection of

NP +NPMB, a drop in the heart rate of 10%�40% lasting

from 3�10 s was observed. Injection of SonoVue did not

cause any change in the heart rate.
Fig. 4. Tumor growth with time. (a) Tumor growth for the seven
and treatments were performed on days 0, 7 and 14 (marked w
improved readability, but tumor growth for all individual animals
represented by dark colors (blue/pink/green) were treated with ul
were given only the drug (free or encapsulated in NP/NPMB).
cab = cabazitaxel; NP = nanoparticles; NPMB=microbubbles stab
Tumor growth and survival

Tumor growth and survival for all the different

groups are illustrated in Figures 4 and 5, respectively.

There was a large variation in response within the vari-

ous treatment groups, and the tumor growth curves for

the individual tumors are provided in Figure 4b�d. The

number of responders, as well as 50% survival and over-

all survival at the end of the study, are given in Table 1.

The untreated control group had the fastest tumor

growth and, accordingly, the shortest survival. All

groups treated with cabazitaxel responded to treatment

with reduced tumor growth, and all groups except

NP + NPMB-cab significantly differed from untreated

controls from days 7 to 29 (at which point most controls

had been euthanized; all p values can be found in Sup-

plementary Table S1, online only).

Tumors treated with free cabazitaxel responded

somewhat better than those treated with encapsulated

cabazitaxel (NP-cab), with a higher number of
different groups until day 29. Data points are group means,
ith black triangles). Standard deviations are not shown for
until the end of the study is shown in (b)�(d). All animals
trasound and MBs, and those represented by lighter colors
Untreated control animals are represented by black lines.
ilized by NPs and protein; SV = SonoVue; US = ultrasound.



Fig. 5. Kaplan�Meier survival plot for the seven different
groups. Treatments were performed on days 0, 7 and 14
(marked with black triangles). Animals that reached the end-
point with respect to tumor size were euthanized at various
times from day 17 to the end of the study at day 92. cab = caba-
zitaxel; NP = nanoparticles; NPMB =microbubbles stabilized

by NPs and protein; SV = SonoVue; US = ultrasound.
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responders, but the difference in tumor growth was not

significant.

Sonopermeation enhanced the therapeutic effect for

all groups. The most significant effect of ultrasound and

MBs was seen when comparing the groups given

NP + NPMB with and without ultrasound. The tumor

growth in the NP + NPMB-cab + US group was signifi-

cantly lower than that in the NP + NPMB-cab group

from day 7 and onward, while median survival increased

by 100%. The NP-cab + SV +US group had significantly

lower tumor growth than the NP-cab group from day 14

onward, while the median survival increased by 64%.

The cab + SV + US group only had significantly lower

tumor growth than the cab group in a brief period after

the treatment, but there was no significant difference

during the last 40 d of the follow-up period. However,

the added sonopermeation resulted in an increase in

median survival by 26%. The Kaplan�Meier plot illus-

trates that survival of the NP + NPMB-cab + US group

was significantly longer than that of the NP + NPMB-cab

group (p value: 2.53£10�7), and the survival of the NP-

cab + SV +US group was longer than that of the NP-cab

group (p value: 1.37£10�4), but cab + SV +US did not

significantly differ from cab (p value: 0.317)

(Kaplan�Meier curves with 95% confidence intervals

are illustrated in Supplementary Fig. S2 [online only]).

When the three different ultrasound treated groups

were compared, the Wilcoxon test revealed that the

cab + SV +US group had significantly lower tumor

growth for a period (day 29 to 50), but from day 57

onward, no significant differences between the different

types of MBs were observed, and the median survival

was similar for all three groups treated with ultrasound

and MBs.
Tumor growth of animals that were treated with

SonoVue or NPMBs in combination with ultrasound but

without any drug was similar to that of the untreated con-

trols (Supplementary Fig. S3, online only).

Imaging NPs accumulation

Whole-animal imaging revealed that sonopermea-

tion clearly enhanced the uptake of NPs in the treated

tumor leg for both the NP-cab + SV +US and

NP + NPMB-cab + US groups compared with animals

that did not receive ultrasound treatment (NP-cab and

NP + NPMB-cab groups). Representative images are

provided in Figure 6, where the animals are imaged in

the dorsal position and the tumor is on the left hindleg.

Mean fluorescence values from regions of interest on the

tumor-bearing leg and the control leg on the opposite

side are illustrated in Figure 6b and 6c. In the ultra-

sound-treated tumors, the accumulation of NPs appears

to continue to increase until the pre-image in the next

week. The absolute values exhibit increased uptake from

pre- to post-images for each week in the ultrasound-

treated tumors. Sonopermeation increased tumor uptake

by 2.3£�15.8£ compared with the tumor uptake in

the corresponding control groups without ultrasound, as

illustrated in Figure 6d. To obtain insight into why some

animals respond better to the treatment than others, the

uptake of NPs was correlated to the tumor growth within

each group. The variation in therapeutic response within

each group could not be explained by a difference in

uptake of NPs in these images. Uptake of NPs in the tho-

racic and abdominal regions is illustrated in Supplemen-

tary Figure S4 (online only). The NP-cab group

exhibited significantly increased accumulation in the

lungs (thoracic region) compared with the other groups.

The NP-cab, NP-cab + SV +US and NP + NPMB-

cab + US groups all had similar accumulation in the

liver�kidney�spleen region (abdominal region),

whereas the NP + NPMB-cab group had significantly

less accumulation than the NP + NPMB-cab + US group.

Cavitation detection

During the ultrasound treatment, the acoustic signal

from the MBs circulating in the tumor-bearing leg was

detected by a separate passive receive transducer. The

circulating bubbles caused increased signal at sub- and

superharmonics and a general increase in the broadband

level. An example of the frequency content of the

received signal from a burst transmitted before and after

an injection of SonoVue is illustrated in Figure 7a. The

combination of a general broadband noise level increase

and peaks at the subharmonic (0.5 MHz) and superhar-

monic (1.5, 2.5, 3.5 MHz, etc.) indicated that there may

have been a combination of inertial and stable cavitation.

The spectrograms in Supplementary Figure S5 (online



Fig. 6. Biodistribution and tumor uptake of NPs. (a) Representative images illustrating in vivo biodistribution in an animal
from each of the groups given NP-cab with and without SonoVue and US (first and second rows) and NP +NPMB-cab with
and without US (third and fourth rows). The tumor is on the left hindleg. From left to right are pre- and post-images for the
first, second and third treatments and images 2 and 4 wk after the last treatment. The color bar represents arbitrary fluores-
cence units. (b, c) Uptake of NPs quantified as absolute fluorescence from tumor leg (b) and healthy control leg (c) for all NP-
and NP +NPMB-treated groups. Treatments and imaging occurred in weeks 1�3, and the animals were also imaged in weeks
5 and 7. Pre- and post-data are on the left and right sides of the vertical line at each time point, respectively. Data points indi-
cate group means with standard deviations; each group contains n = 14�16 animals. (d) Increased uptake of NPs caused by
sonopermeation, shown as ratios of mean tumor uptake in NP-cab + SV +US group versus NP-cab group and NP +NPMB-
cab +US-group versus NP +NPMB-cab group from post-treatment images. cab = cabazitaxel; NP = nanoparticles;

NPMB=microbubbles stabilized by NPs and protein; US = ultrasound; SV = SonoVue.
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only) contain examples of the frequency content as a

function of time from treatments with NPMBs and Sono-

Vue in combination with NP or cab. When the
broadband signal levels from treatments with SonoVue

and NPMBs are compared as a function of time, we see

that SonoVue is cleared from the sonicated area during



Table 1. Total number of mice and number of partial responders (tumor volume <200 mm3 2 wk after treatment) and responders
(tumor volume <25 mm3 at the end of the study), in addition to 50% and overall survival relative to the start of treatment

Group Total No.
of mice

50%
survival (d)

Overall survival Partial responders
(tumor volume <200 mm3 2 wk
after last treatment)

Responders (tumor volume
<25 mm3 at end of study)

1. Control 15 24 0% 0% 0%
2. Cabazitaxel 13 57 23% 85% 15%
3. NP-cab 14 44 7% 64% 0%
4. NP + NPMB-cab 16 36 0% 0% 0%
5. Cabazitaxel + SonoVue + US 12 72 25% 100% 17%
6. NP-cab + SonoVue + US 14 72 36 % 100% 21%
7. NP + NPMB-cab + US 16 72 38 % 100% 25%

cab = cabazitaxel; NP = nanoparticles; NPMB =microbubbles stabilized by NPs and protein; US = ultrasound.
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the 3 min between the injections and that the signal

increases abruptly at the next injection (Fig. 7b�d). The

signal from the NPMBs, however, is stable and even

increases between injections, and the bubble signal

decreases during the 6�9 min after the last injection

(Fig. 7b�d). The signal level after the second and third

bubble injections increases compared with that after the

first injection for all three groups. Both groups treated

with SonoVue have similar signal profiles as a function

of time; however, the group receiving NP with encapsu-

lated cabazitaxel has a consistently higher signal level

from the MBs than the group receiving cabazitaxel in

free formulation, even though the amount and type of

MBs are the same. No correlation between cavitation

dose and treatment response was found.

When the total cavitation doses received during the

15 min of ultrasound treatment (225 bursts) for the three

groups were compared, it is apparent that NPMBs result

in a higher cavitation dose compared with SonoVue for

all treatments, as illustrated in Figure 7e. The total cavi-

tation dose decreases slightly from the first to the second

treatment but increases in the third.

Weight of mice and organs

To evaluate if any of the treatments caused toxicity

in the animals or specific organs, weight was monitored

weekly throughout the study, and all organs were excised

and weighed when the animals were euthanized. Animal

weights, illustrated in Supplementary Figure S6 (online

only), anever decreased below the starting weight in any

of the groups. Weights of liver, spleen, lungs, heart and

kidneys for each individual animal for all groups are

illustrated in Supplementary Figure S7 (online only). No

significant differences were observed between the differ-

ent organs in the different groups. Although this indi-

cates that there were no severe long-term effects of the

treatment, safety cannot be concluded because the

organs might have recovered such a long time after treat-

ment, and readouts other than weight would be more

important for assessing organ-specific toxicity.
DISCUSSION

Sonopermeation increased the therapeutic efficacy

of the various formulations of cabazitaxel. This was sup-

ported by the observed enhanced accumulation of NPs in

the tumors compared with that in the tumors not treated

with ultrasound. The observed increase caused by ultra-

sound treatment also corresponds well with our previous

results (Snipstad et al. 2017b), and is likely owing to

improved permeability of the tumor vasculature and

enhanced penetration into extracellular matrix (Yemane

et al. 2019). Tumor growth was similar for the three

groups treated with ultrasound and MBs, indicating that

the delivery was equally effective despite different for-

mulations of the drug (free vs. encapsulated) and type of

MB. It also indicates that the encapsulation of drug into

NPs did not limit the efficacy of the drug. Treatment

with ultrasound and MBs alone without drug did not

affect tumor growth compared with that of untreated

controls, indicating that the mechanical effect of the

MBs by itself was not enough to induce any therapeutic

effect. The similar response to the two types of MBs

could be owing to the large surplus of NPs in the NPMB

solution, and contrasts with what was observed for NP-

coated MBs by Burke et al. (2011, 2014) and De Cock et

al. (2016), who observed increased efficacy when NPs

are attached to the MBs.

Even though the therapeutic responses to the differ-

ent types of MBs were similar, the MBs exhibited differ-

ent cavitation signals. A higher total cavitation dose

indicates a higher number of cavitation events within the

tissue that is exposed to ultrasound. An assumption within

the field of ultrasound-enhanced drug delivery is that cavi-

tation activity is the core of the delivery process. Hence,

improved treatment efficacy would be expected for the

NP +NPMB+US group. However, that is not the case

for the experiments described here. The higher cavitation

dose that was observed for NPMBs compared with Sono-

Vue could be owing to the longer circulation time. From

experiments in which MBs were imaged with PW



Fig. 7. Cavitation detection. (a) Example of the frequency content of the acoustic signal detected from the tumor-bearing
leg from a burst given before (blue) and directly after (purple) a SonoVue injection. The signal level is relative to the
general noise level of the oscilloscope. The dashed black lines mark the frequency range where the broadband cavitation
signal is extracted. (b�d) Mean broadband cavitation signal and standard deviation from MBs circulating in the tumor-
bearing leg during sonication of NPMBs (green) and SonoVue (pink and blue) in all animals during treatments 1�3. The
animals received three injections, each containing 50 mL of MBs, at 0, 180 and 360 s, marked with diamond symbols.
The tumor was sonicated for 15 min (900 s) with bursts lasting 10 ms transmitted every 4 s. (e) Total cavitation dose for
each treatment (each including 225 bursts) in the three groups that were treated with ultrasound shown as a boxplot.
Each box shows the median as a line, mean value as an x and second and third quartiles as lower and upper boundaries

of the box. NP = nanoparticles; US = ultrasound; NPMB = microbubbles stabilized by NPs and protein.
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Doppler techniques in the carotid artery of mice, we

observed that NPMBs have a circulation half-life approxi-

mately 1.8 times that of SonoVue. Differences in
diffusion of gas out of the MBs and clearance of the MBs

by the reticuloendoethelial system could contribute to the

differences in circulation half-life. The size distributions
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of SonoVue and NPMBs are quite similar, but the shell

properties, such as thickness and stiffness, are presumably

different. SonoVue, having a thin and flexible lipid shell,

will probably respond differently than NPMBs, which are

more rigid and irregular, and the shell properties may

vary more within the NPMB batch than for SonoVue.

NPMBs were confirmed to be stiffer than SonoVue in

attenuation measurements (Supplementary Fig. S8, online

only). With a mechanical index of 0.5 and burst lengths of

10,000 cycles (10 ms), it was expected that all the MBs

within the ultrasound field would be destroyed during a

single burst; however, there may be a subpopulation

within the NPMB batch that tolerated the acoustic pres-

sures and persisted within the sonication field. This could

explain the prolonged period of high-level cavitation sig-

nal from the NPMB injections. The increase in cavitation

dose from bubble injection 1 to 2 and 3 could be caused

by changes induced in vasculature or tumor perfusion,

resulting in greater inflow of MBs, as observed by Rix et

al. (2014) after contrast-enhanced ultrasound imaging. It

could also be caused by stationary, stable MBs in the

capillaries, which could be sticking to the capillary walls.

An increased heart rate and peripheral vasodilation could

possibly also explain the increased cavitation signal,

counteracting the expected signal drop directly after injec-

tion. However, the heart rate was stable after SonoVue

injections, whereas after injections of NPMBs, the heart

rate frequently dropped. This temporary reduction of heart

rate might affect peripheral blood flow and, thus, the

amount of MBs producing cavitation signal. The

decreased cavitation activity in week 2 and subsequent

increase in week 3 could also be owing to more long-term

changes in tumor perfusion caused by vasoconstriction,

vascular shutdown or decompression, which have also

been reported previously by others (Wood et al. 2005;

Raymond et al. 2007; Goertz et al. 2012; Hu et al. 2012;

Belcik et al. 2015; Keravnou et al. 2016; El Kaffas et al.

2018; Rix et al. 2019).

No correlation between tumor size and cavitation

signal was found. One could expect an increased signal

from larger tumors because there are more vessels in the

field, but this was not the case. Even in mice in which

the tumor was no longer detectable during the third treat-

ment, we saw a cavitation signal similar to those for

tumor volumes around 7£ 5£ 5 mm3. This could indi-

cate that the setup used for cavitation detection was not

sensitive enough to differentiate responders and non-res-

ponders, which was also the case for the setup used by

Bazan-Peregrino et al. (2013), who did not find a correla-

tion between uptake and cavitation. With the single-ele-

ment transducer that was used, the recorded signal

comes from the tumor-bearing leg as a whole, and it is

possible that signal from large feeding arteries, arterioles
and vessels in the skin dominates the signal from the

capillaries in the tumor. One possible future extension

could be passive cavitation mapping (Gyongy and Cous-

sios 2010; Coviello et al. 2017) to image in real time

where in the tumor the cavitation activity is.

Comparison of the three ultrasound-treated groups

with their respective controls that did not receive ultra-

sound revealed that the largest effect of ultrasound was

that for the NPMBs. Injecting only NP + NPMB had lit-

tle effect on tumor growth, but the NP + NPMB com-

bined with ultrasound performed equally well as the two

other ultrasound-treated groups. One explanation for

why the NP+NPMB group had faster tumor growth than

the NP group (even though the majority of NPs in the

NPMB solution are free and not bound to NPMBs) could

be that some of the NPMBs (and/or NPs in the NPMB

solution) end up in the lungs or other organs and that a

smaller percentage of the cabazitaxel dose reaches the

tumor compared with other groups. This could occur if

the added casein caused aggregation of NPs or NPMBs

in blood, leading to accumulation in the lungs, which is

the first capillary network encountered after intravenous

administration. However, this was not supported by the

biodistribution of the NPs seen in whole-animal images.

Other possible reasons the NP + NPMB group exhibited

faster tumor growth than the group treated with NPs

could be that the NPs in the NPMB solution are covered

with casein and therefore removed from the circulation

faster than NPs injected alone, or that the added casein

causes the NPs to increase in size, aggregate more or

become stickier and therefore extravasate/penetrate less

efficiently in the tumor.

Free cabazitaxel was somewhat more efficient than

the encapsulated cabazitaxel (NP-cab) in terms of the

larger number of survivors, although the difference in

tumor growth was not significant. This contrasts with the

previously observed efficacy for the same type of NPs in

a breast cancer model (Fusser et al. 2019), where the

NP-cab group performed better than the free cab group.

This difference is likely owing to differences in the

microenvironments of the two tumor models. With sono-

permeation, however, the NP-cab and the free cab

groups performed fairly similarly (even slightly higher

overall survival in the NP-cab group than the cab group),

suggesting that the improvement resulting from ultra-

sound is more pronounced for the encapsulated formula-

tion—likely because the accumulation and penetration

through the extracellular matrix are more limited for the

NPs compared with the free drug.

We used a subcutaneous prostate cell line-derived

xenograft tumor model in immunocompromised mice, a

model for which translatability might be limited. Female

mice were used for convenience and consistency because
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they were used in multiple previous studies by our group

in which various tumor types were compared. Subcuta-

neous tumors will grow in both sexes; however, in future

studies male mice would be preferred for the prostate

xenografts. Another possible extension for future work

is orthotopic tumor models, either of human origin in

immunocompromised mice or of murine origin in immu-

nocompetent mice. The latter would also enable investi-

gation of effects on the (systemic) immune system. Such

models might be physiologically more relevant to and

more predictive of the clinical situation.

The cause of the short-term drop in heart rate after

injection of NP +NPMB is unknown and requires further

investigation, but could be linked to previous observations

of reduced heart rate and transient apnea in the TRAMP

(transgenic adenocarcinoma of the mouse prostate) model

(Fagerland et al. 2020) or to the acute respiratory distress

syndrome that was observed in patients treated with a

polymeric nanoformulation of doxorubicin in a phase II

clinical trial (Merle et al. 2017). No adverse long-term

effects on the animals were observed in response to the

additional sonopermeation treatment, suggesting that this

is a tolerable and promising method to enhance the deliv-

ery and therapeutic effect of various drugs.

The fluorescent signal from NPs in tumors was visi-

ble for several weeks, indicating that the NPs could

work as a sustained release system potentially releasing

cabazitaxel for a prolonged time. This could be highly

beneficial for drug delivery purposes compared with a

bolus injection of a free drug that is rapidly eliminated.

However, the NPs might degrade within this time, and

the release profile of IR-780 lipid dye might differ from

that of the encapsulated drug. Furthermore, the tumor

accumulation 24 min after treatment (post-images)

included NPs still in circulation, which can keep extrava-

sating for the next hours, explaining the increased accu-

mulation seen from one treatment to the next. This

indicates that sonopermeation affects the tumor tissue

both directly after treatment and over a prolonged period

as the accumulation in tumor tissue increased with time

during the treatment period.

One of the aims of the study was to investigate if

there was a correlation between the amount of NPs accu-

mulated in the tumor tissue or the cavitation dose and

therapeutic efficacy. If so, those parameters could be

used to predict which animals would respond well to the

therapy. There was a clear indication that sonopermea-

tion improved therapeutic efficacy, but the variation in

response within groups could not be explained by the

individual variations in NP uptake nor by the variation in

cavitation dose. Other reasons for the subgroups of res-

ponders and non-responders could be individual differ-

ences in tumor microenvironment, for example, varying

amount and structure of vasculature or connective tissue,
differences in drug penetration into the extracellular

matrix, clones of more or less responsive tumor cells

caused by genetic diversity or differences in type or

amount of residential or infiltrating immune cells (even

though the balb/c nude mice lack T cells, they still have

other types of immune cells that could affect tumor

growth) (Wu et al. 2018). This emphasizes the impor-

tance of understanding tumor biology and the character-

istic traits of a tumor that make it susceptible to such

treatments, as well as the need to understand the mecha-

nisms underlying sonopermeation to tune and optimize

the technology. An increased understanding will help us

to answer one of the important questions for future clini-

cal application of ultrasound-mediated —drug delivery;

how we can stratify patients by some form of imaging or

screening of genetic or molecular markers to treat only

the subset of patients that are likely to respond well to

such treatment.

CONCLUSIONS

Sonopermeation enhanced the uptake of NPs and

resulted in reduced tumor growth. No significant differ-

ences in therapeutic effect were observed between the

three different ultrasound-treated groups, indicating that

the three formulations—free drug combined with Sono-

Vue, NPs with drug combined with SonoVue and NPs

with drug combined with NPMBs—were equally effec-

tive. This indicates that sonopermeation can be used for

different therapeutic formulations, both free molecular

and encapsulated, with different types of MBs. The large

variation within groups of responders and non-respond-

ers emphasizes the need for improved understanding of

tumor biology and underlying mechanisms of sonoper-

meation in drug delivery.
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