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Pancreatic ductal adenocarcinoma (PDAC) remains one of the deadliest cancers with survival averaging only 3
months if untreated following diagnosis. A major limitation in effectively treating PDAC using conventional
and targeted chemotherapeutic agents, is inadequate drug delivery to the target location, predominantly due
to a poorly vascularised, desmoplastic tumour microenvironment. Ultrasound in combination with ultrasound
contrast agents, i.e., microbubbles, that flow through the vasculature and capillaries can be used to disrupt
such mechanical barriers, potentially allowing for a greater therapeutic efficacy. This phenomenon is commonly
referred to as sonoporation. In an attempt to improve the efficacy of sonoporation, novel microbubble formula-
tions are being developed to address the limitation of commercially produced clinical diagnostic ultrasound
contrast agents.
In our work here we evaluate the ability of a novel formulation; namely Acoustic Cluster Therapy (ACT®) to im-
prove the therapeutic efficacy of the chemotherapeutic agent paclitaxel, longitudinally in a xenograft model of
PDAC. Results indicated that ACT® bubbles alone demonstrated no observable toxic effects, whilst ACT® in com-
bination with paclitaxel can transiently reduce tumour volumes significantly, three days posttreatment (p =
0.0347–0.0458). Quantitative 3D ultrasound validated the callipermeasurements. PowerDoppler ultrasound im-
aging indicated that ACT® in combination with paclitaxel was able to transiently sustain peak vasculature per-
centages as observed in the initial stages of tumour development. Nevertheless, there was no significant
difference in tumour vasculature percentage at the end of treatment. The high vascular percentage correlated
to the transient decrease and overall inhibition of the tumour volumes.
In conclusion, ACT® improves the therapeutic efficacy of paclitaxel in a PDAC xenograft model allowing for tran-
sient tumour volume reduction and sustained tumour vasculature percentage.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) remains one of the most
deadly cancers with survival averaging only 3 months if untreated fol-
lowing diagnosis [1,2]. The current clinical regimes are chemotherapy
and/or surgery, with or without radiation therapy. Whilst surgery re-
mains the only potential for cure, it is rarely an option due to its late
edicine, Haematology Section,
021, Norway.
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diagnosis and invasive nature [3]. Even the most effective chemothera-
peutic regime (FOLFIRINOX) results in a median overall survival of 26.6
months in patients with locally advanced pancreatic cancer, i.e., no me-
tastasis [4]. If a tumour is downgraded following treatment allowing for
the possibility of surgery, overall survival increases to 35.4 months [5]
indicating the importance of tumour volume reduction.

A major limitation in effectively treating such solid tumours using
therapeutic agents, such as chemotherapeutics, is the inadequate deliv-
ery to the target location whether due to tumour interstitial fluid pres-
sure [6], lack of vascularisation or perfusion [7], or the presence of a
dense stromalmatrix [8,9]. The stromalmicroenvironment is a complex
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Fig. 1. Graphical representation of the ACT® principle. Sonazoid™ microbubbles are
combined with a PF-X oil droplet that can be loaded with a drug. Upon low intensity
ultrasound application, the oil droplet vaporises releasing the drug and forming a single
large microbubble.
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structure composed of an extracellular matrix (ECM), activated fibro-
blasts and myofibroblasts, inflammatory cells and blood and lymphatic
vessels that distort the normal architecture of pancreatic tissue. The
complex interplay between tumour cells and stroma promotes cancer
cell motility, resistance to hypoxia and stromal neovascularization [8].
These physical barriers result in inaccessibility to the tumour for most
chemotherapeutic agents. As a result, irrespective of how good the
targeted approach, all chemotherapeutic treatments suffer the same
fate in vivo, whilst increasing dosage to compensate only exasperates
systemic side effects [10]. Thus, mechanical disruption of the tumour
or normalisation of tumour vascularisation to permit enhanced delivery
of therapeutics may provide greater clinical promise. Novel therapeutic
options specifically targeted at treating solid tumours are currently
under investigation, including nanoparticles [11,12], molecular
targeting [13,14], and ultrasound- and microbubble-mediated therapy
[15–17] i.e., sonoporation.

Sonoporation is a novel methodology where gas microbubbles are
injected into the vasculature and excited by ultrasound (US) to invoke
biomechanical effects that increase the permeability of the vascular barri-
er and extravasation of drug in a specific location [18,19]. Microbubbles
are stabilized gas bubbles (2–3 μmindiameter) that are injected intravas-
cularly and are typically stable for up to 5min in vivowith no known side-
effects. Upon the application of ultrasound, these microbubbles volumet-
rically oscillate and interact with nearby cells forming small pores in the
cell membrane via mechanical disruption and even been observed to
enter the cells in vitro [20]. This interaction permits increased intracellular
drug uptake [21] whilst also allowing therapeutic agents deeper penetra-
tion into the tissue than the vascular barrier alone [22]. As a result,
sonoporation can improve the therapeutic efficacy of intravascularly
injected therapeutic agents.

Previously, we have demonstrated that combining sonoporation
with gemcitabine in an orthotopic xenograft model of gemcitabine re-
sistant PDAC could inhibit tumour growth up to four-fold in comparison
to gemcitabine monotherapy [16]. A subsequent Phase I clinical trial
also indicated that sonoporation has the potential to transiently de-
crease tumour volume in patients with locally advanced or metastatic
pancreatic ductal adenocarcinoma (PDAC) [15,17]. Whilst these studies
show promise, the true potential of sonoporation is limited due to the
use of commercially available microbubbles designed and optimised
for ultrasound imaging, not therapy. As a result, substantial research is
focusing on developing “next-generation” microbubbles optimised for
ultrasound-target and -enhanced therapy. Specifically, themajor limita-
tion has been that currently sonoporation requires the co-
administration of the therapeutic agent; resultantly similar systemic
side effects are experienced. A secondary limitation is the size of
microbubbles. It has been hypothesised that smaller bubbles are re-
quired to enter the sub-micron sized fenestrations presented in tu-
mours [23]. However, it has also been suggested that larger bubbles
may have a stronger sonoporation effect leading to deeper penetration
of the drug and enhanced therapeutic efficacy [24].

To address the current limitations of commercial bubbles for thera-
py, a range of novelmicrobubbles are being developed [25–36]. Acoustic
Cluster Therapy is a novel concept for ultrasound mediated, targeted
drug delivery (ACT®, Phoenix Solutions AS, Oslo, Norway) [37].

ACT® is an ultrasound-activated formulation combining negatively
charged, commercially available and clinically employed microbubbles
(Sonazoid, GE Healthcare, Little Chalfont, United Kingdom) (Fig. 1-A1)
with positively charged microdroplets (Fig. 1-A2). A mixture of these
microbubbles and microdroplets results in small microbubble-
microdroplets clusters held together by the electrostatic forces (Fig. 1-
A3). Themicrodroplets consist of a fully or partially fluorinated or halo-
genated oil component (PF-X) that has a boiling temperature of b50 °C,
low blood solubility. The ACT® cluster dispersion is intended for co-
administrationwith a drug. A lipophilic therapeutic agentmay optional-
ly be embedded into the microdroplets. When these clusters are
insonated with ultrasound (in the clinical diagnostic regime) the
volumetrically oscillating microbubbles transfer energy to the
microdroplet initiating vaporisation [37]. These 20–30 μmACT® bubbles
have been shown to form in capillary sized vessels in vivo [38,39] and
can be used to induce sonoporation by exciting them at low frequencies
(0.3–1.0MHz). In addition, if a therapeutic agent is embedded in the oil,
it will be released in the activation region resulting in ultrasound guided
and targeted release.

In our work here we evaluate the ability of ACT® to improve the
therapeutic efficacy of the chemotherapeutic agent paclitaxel (PTX) in
a longitudinal xenograft model of PDAC. We evaluated the therapeutic
benefit of ACT® on tumour volume and vasculature over 5 treatment cy-
cles (5 weeks).

2. Materials and methods

Ultra-high-speed imaging was used to visualise the transition from
ACT® clusters to single largemicrobubbles. The ability of ACT® to induce
targeted, ultrasound-enhanced chemotherapy therapywas evaluated in
a longitudinal study using a subcutaneous xenografted pancreatic can-
cer murine model. Tumour development was evaluated using 3D B-
mode and Power Doppler ultrasound, calliper based tumour volume
measurements, and full body bioluminescence imaging. Body weight
measurements were performed to evaluate treatment toxicity.

2.1. Ultra-high-speed imaging

Ultra-high-speed imaging of ACT®was performedusing a previously
described setup. Specifically, the ACT® compound was injected into a
200-μm outer diameter cellulose capillary and imaged through a 60×
water immersion objective (NA = 1.0, working distance = 2 mm)
(Olympus, Tokyo, Japan). A Kirana ultra-high-speed imaging camera
(Specialised Imaging Ltd., Hertfordshire, United Kingdom) was used as
the video capture source. A pulsed laser with a 100 ns illumination
timewas used as the light source and defined the exposure time. Images
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were captured at a frame rate of 5 million frames per second, i.e., every
200 ns. A total 180 frames were captured resulting in a video capture
time of 36 μs. A 1-MHz,16-mm diameter bowl, with a 16-mm focal dis-
tance driven by a 30 cycle burst wave was used as the ultrasound
source. The ultrasound transducer was positioned underneath the cap-
illary pointing towards the capillary at an elevation angle of approxi-
mately 45°. The acoustic pressure at the height of the capillary was
estimated at a peak-negative pressure of 400 kPa, i.e., an MI = 0.4.

The ACT® compound was prepared as per manufacturer's instruc-
tions, diluted 10-fold in tap water at room temperature, and injected
into the capillary. Experiments were performed with no fluid flow.
Fig. 2-A depicts a schematic of the experimental setup and Fig. 2-B
shows the correlation of image capture time to the ultrasound exci-
tation cycle.
2.2. Mice

Male NOD-scid IL2rγnull mice [40] aged 6–10 weeks old (Vivarium,
University of Bergen); originally a generous gift of Prof. Leonard D.
Shultz, Jackson Laboratories, Bar Harbor, ME, USA) were used in this ex-
periment. All experiments were approved by The Norwegian Animal
Research Authority and conducted according to The European Conven-
tion for the Protection of Vertebrates Used for Scientific Purposes, in an
AAALAC accredited institution. The 3Rs for animal welfare research
were followed in this experiment [41].
2.3. Cell line and cell culture

The human pancreatic adenocarcinoma MIA PaCa-2 cell line [42]
(kindly provided by Dr. Anders Movlen, The University of Bergen,
Norway) was retrovirally transfected using Phoenix cells [43,44] (LGC
Standards AB, Boras, Sweden) and a luciferase-encoding plasmid. High
luciferase-expressing cells were selected by puromycin (2.5 μg/ml)
[45,46]. These cells grow adherently as single cells and loosely attached
clusters. Cells were cultured with Dulbecco's Modified Eagle's Medium-
D6429 (DMEM) (Sigma-Aldrich, St. Louis, MO, USA) with 4500 mg/l
glucose and 110mg/l sodiumpyruvate. Themediumwas supplemented
with 10% heat-inactivated (56 °C) foetal bovine serum (FBS)
(HyClone™ research grade, South-America, Thermo Scientific, Wil-
mington, DE, USA), 50 UI/ml Penicillin, 50 μg/ml Streptomycin, 2
mM L-glutamine (Sigma-Aldrich, op. cit.) and 2.5% horse serum (HS)
(New Zealand, Gibco, Life technologies, MA, USA). The cell line was cul-
tured in 150 mm diameter tissue culture dishes (TPP, Sigma-Aldrich,
op. cit.). The cell culture was split 2–3 times a week.
Fig. 2. Graphical representation of experimental setup used to visualise the conversion of A
configuration. A 1-MHz, 16 mm outer diameter focused ultrasound transducer excited the AC
combination with a Kirana ultra-high-speed camera is used capture the conversion. Panel B sh
2.4. Test items

Investigated ACT® test items were kindly provided by Phoenix solu-
tions, Oslo, Norway [37]. In brief, the following formulations were
investigated;

A) Non-loaded ACT® compound.

Microbubble/microdroplet cluster dispersion comprising Sonazoid™
reconstituted with 2 ml of perfluoromethylcyclopentane (PFMCP)
microdroplets (3 μl/ml) stabilized with a distearoylphosphatidylcholine
(DSPC) phospholipid membrane with 3% (mol/mol) stearlyamine (SA),
dispersed in 5 mM TRIS buffer.

B) Paclitaxel loaded ACT® compound.

Microbubble/microdroplet cluster dispersion comprising Sonazoid™
reconstituted with 2 ml of PFMCP:trichlorofluoropropane:trichloromethane
(1:1:1) microdroplets (1.5 μl/ml), containing 67 mg paclitaxel/ml, stabilized
with a DSCP membrane with 3% (mol/mol) SA, dispersed in 5 mM TRIS
buffer. The paclitaxel concentration in the final cluster dispersion was
100 μg/ml.

2.5. Subcutaneous xenograft model

TheMIA PaCa-2luc cells were detached from the culture dishes using
5 mL trypsin-EDTA (Sigma-Aldrich, op. cit.), diluted to 250 × 106 cells
permL in a solution of PBS:Matrigel (volume ratio 3:1) (BD Biosciences,
Franklin Lakes, NJ, USA), and separated into single syringes containing
100-μL (5 × 106 cells) solution. A total of 26 mice were subcutaneously
injected at the lower dorsal areawith a single 100-μL injection of 5 × 106

MIA PaCa-2luc cells in a solution to produce a single tumour.

2.6. Tumour development evaluation

2.6.1. Calliper measurements
Calliper measurements were performed every 3–4 days. Once im-

mediately following treatment and three days after treatment. Tumour
dimensions were measured using a digital calliper and volume (V) was
calculated using the ellipsoid volume formula:

V ¼ π l � w � hð Þ
6

;

where l,w, and h are the length,width, and height of tumour respective-
ly. Length was defined as the longest dimension of the tumour. Width
CT® clusters into a single bubble. Panel A shows the arrangement of the experimental
T® clusters that have been injected into the cellulose capillary. A 60×, NA 1.0 objective in
ows the frame time points captured in relation to the 1 MHz ultrasound excitation wave.

Image of Fig. 2
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wasdefined as thewidest dimension of the tumour perpendicular to the
length measurement. The tumour height was measured by slightly
lifting the tumourwith the skin just enough to fit the callipermeasuring
tip under the tumour. The maximum height was measured.

2.6.2. Ultrasound imaging
Ultrasound imagingwas performed onceweekly, prior to treatment.

Mice were anaesthetised using isofluorane (Isoba® vet, Intervet, Kenil-
worth, NJ, USA) in air. Anaesthesia was induced using 3% isofluorane
and sustained using 1.5% isofluorane. Anaesthetised mice were placed
in a prone position on the heated imaging plate of a Vevo 2100 small an-
imal ultrasound imaging system (Fujifilm VisualSonics Inc., Toronto,
Ontario, Canada). Hair on and surrounding the tumour was removed
using depilatory cream (Veet™, Reckitt Benckiser, Slough, United
Kingdom). Ultrasound imaging was performed using a MS-250 probe.
For B-mode imaging, standard general imaging configuration was
usedwith the image size cropped to fit the tumour area. Colour Doppler
imaging was used to initially visualise functional vasculature in and
around the tumour. A custom power Doppler (PD) configuration with
maximum sensitivity and resolution was used. The pulse repetition fre-
quency (PRF)was varied between 1.5 and 2.0 kHz tominimise artefacts.
Imagewidth, depth, 3D range, and 3D step sizewere increased as the tu-
mours grew larger. The display dynamic range was varied between 15
and 20 dB to help delineate the tumour in the B-Mode image. Exact ul-
trasound imaging settings are shown in Table 1. Three-dimensional B-
mode and PD images were captured once a week for all mice until sac-
rifice. Tumour volume and percentage vasculature were measured in
the VEVO software (v1.6.0, VisualSonics Inc., op. cit.). Vascular volume
was measured using 3D power Doppler imaging. Tumour percentage
vascularisation is the percentage of the tumour volume that contained
a power Doppler signal.

2.6.3. Optical imaging
Optical imagingwas performed onceweekly, 3 days after treatment.

Micewere anaesthetised using a combination of isofluorane (Isoba® vet,
Intervet, Kenilworth, NJ, USA) and oxygen. Anaesthesia was induced
using 3% isofluorane and sustained using 1.5% isofluorane.
Anaesthetised mice were injected intraperitoneally (IP) with 150-
mg/kg D-luciferin [47] (Biosynth AG, Staad, Switzerland) 10 min prior
imaging using an In-Vivo FX PRO molecular imaging system
(Carestream Health, Inc., Rochester, NY, USA). A white light exposure
Table 1
Ultrasound imaging settings from the Vevo 2100 used to image the subcutaneous tumour
prior to treatment. Settings that were varied are depicted as a range, i.e., the PRF, depth,
width, 3D range, 3D step size, and dynamic range. All other variables were kept constant.

Mode B-Mode Power Doppler Colour Doppler 3D

Transmit
Frequency (MHz) 16
Power (%) 100
PRF (kHz) 1.5 or 2
Gate 6

Receive
Doppler Gain (dB) 35 35
2D Gain (dB) 18 18
Depth (mm) 20 15–20
Width (mm) 23.4 18–23.4
Beam Angle (degrees) 0 0
Sensitivity 5 5
Line Density Full Full Full
Persistence Off Off High
ECG/Respiration Gating Off/On Off/On Off/On
3D Range (mm) 7–28
3D Step Size (μm) 51–70

Display
Dynamic Range (dB) 15 or 20
Display Map G1
Priority (%) 43–52
photograph was initially captured followed by 90 s exposure to capture
bioluminescence. Total bioluminescence values were measured using
auto ROIs in the Carestream MI software (Standard Edition, v.5.0.6.20,
Carestream Health, Inc.).
2.7. Treatment groups

Once the tumour volumes reached 50–80 (mm) [3] (calculated from
exterior calliper measurements), mice were randomized into 5 groups
(groups 1, 2, and 3: n=6and control groups 4 and 5: n=4) and treated
following the routes and schedules described (Table 2). The health sta-
tus, tumour volume and weight of the mice were monitored twice a
week and mice were humanely euthanized when tumour volume
reached 1 (cm) [3].

For clearer presentation in the results and discussion section the
groups are subsequently called: ACT®+ PTX (IP) [Group 1]; PTX loaded
ACT® + PTX (IP) [Group 2]; ACT® [Group 3]; PTX [Group 4]; No treat-
ment [Group 5].

The difference between Group 1 and 2 is that in Group 1, 15 mg/kg
paclitaxel was injected IP only whilst in Group 2, 0.5 mg/kg paclitaxel
was contained in the ACT® microdroplets (injected IV) which was re-
leased upon ultrasound activation in addition to the 14.5 mg/kg pacli-
taxel injected IP. Both Group 1 and Group 2 had a total paclitaxel dose
of 15 mg/kg.
2.8. Treatment protocol

Treatment was started on day 14 after inoculation for all groups
when the mean tumour volume was 53 ± 3 (mm) [3] when measured
by calliper. Mice were randomized into groups with no difference in tu-
mour volume by one-way ANOVA (p N 0.7). Treatment was performed
once weekly for a total of 5 weeks. The experimental endpoint was de-
fined as when the tumour volume of all mice in the No treatment group
surpassed 1000 (mm) [3].

Fig. 3 shows the chronological order of ultrasound imaging and
treatment for each mouse. Ultrasound imaging was performed prior to
treatment and full body bioluminescence was performed three days
after treatment allowing the mice to recover from the treatment in-
duced stress.

Mice in Groups 1, 2 and 4 were initially injected IP with 15 mg/kg of
Paclitaxel (Fresenius Kabi, 6 mg/ml, batch 21HM0014). After 30 min
each mouse was anaesthetised using a combination of isofluorane
(Isoba® vet, Intervet, Kenilworth, NJ, USA) and air. Anaesthesia was in-
duced using 3% isofluorane and sustained using 1.5% isofluorane. Oxy-
gen was not used as it changes the extent of blood oxygen window,
which is assumed to reduce the microbubble/ACT® temporal stability.

Following ultrasound imaging the mice were removed from the
ultrasound-imaging table and transferred to a “treatment station” (Fig.
4).
Table 2
Treatment groups indicating respective treatment, dose, route and number of mice (n).
Key: intraperitoneally (IP), intravenously (IV). §Paclitaxel dose in ACT® formulation was
0.5 mg/kg. Total dose of paclitaxel for Group 2 was 15.0 mg/kg.

Group Treatment Dose Route n

1 Paclitaxel 15.0 mg/kg IP 6
ACT® + US 150 nl microdroplets/mouse

(50 μl)
IV

2 Paclitaxel 14.5 mg/kg IP 6
Paclitaxel loaded ACT® +
US

150 nl microdroplets/mouse
(100 μl)§

IV

3 ACT® + US 150 nl microdroplets/mouse
(50 μl)

IV 6

4 Paclitaxel 15 mg/kg IP 4
5 Control (no treatment) 4



Fig. 3. Chronological diagram depicting initiation and duration of ultrasound imaging and
treatment of each mouse. Treatment was started 60 min after paclitaxel injection. ACT®

activation lasted 45 s and was followed by 300 kHz ultrasound treatment for 5 min.
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Fig. 4 shows photographs of an ACT® test item (op. cit., Section 2.4)
being injected IV and activated (Panel A), and treatment using the
300 kHz ultrasound probe (Panel B).

Mice were catheterised in the tail vein using a bespoke catheter
consisting of a 30G, 12 mm needle (Omnican, B.Braun, Melsungen AG,
Melsungen, Germany) connected to a 15 cm long 0.25 mm inner diam-
eter, chemically inert, hydrophobic Tygon® microbore tube (Part No.
VERNAAD04091, VWR International AS, Oslo, Norway). Mice were
then placed in prone position on ultrasound absorbing rubber mat
(Aptflex F28, Precision Acoustics Ltd., Dorchester, Dorset, United
Kingdom) heated to 37 °C. Ultrasound transmission gel (ECO supergel,
Ceracarta, Forli, Italy) cover the contact areas between the mouse and
ultrasound absorbing mat. Ultrasound transmission gel was spread
over the tumour and a Vscan (GE Healthcare, Little Chalfont, United
Kingdom) set to B-mode imaging in cardiac mode (Mechanical Index
Fig. 4. Photographs of experimental setup. Mouse undergoing ACT® injection and
activation (Panel A) and subsequent treatment using the 300-kHz ultrasound probe
(Panel B).
(MI) = 0.8, Thermal Index (TI) = 0.1, imaging depth = 10 cm) was
placed gently touching the tumour avoiding any compression. The
ACT® test items were subsequently injected via the catheter (duration:
15 s, injection rate: 200 μl/min for group 1 and 3, 400 μl/min for group
2) followed by saline to push all the ACT® test items into the vasculature
(duration: 5 s, volume: 0.02 μl, injection rate: 0.5 μl/min). The boundary
between theACT® test items and salinewas clearly distinguishable. This
allowed for no additional saline to be injected into the vasculature
minimising dilution of the ACT® test items. The catheter was immedi-
ately removed following completion of injection. The Vscan was kept
on the tumour for a total of 45 s. The injection of the ACT® test items
took 30 s including the syringe change over.

Immediately after activation the Vscan was removed and a bespoke
computer controlled 300 kHz ultrasound transducer was set in its place
to acoustically excite the activated ACT® bubbles with an aim of induc-
ing sonoporation. The 300 kHz ultrasound probe was kept in place for 5
min and acoustic power transmission was monitored via an inbuilt
power meter and oscilloscope combined with bespoke software
(LabVIEW 2013, National Instruments, Austin, TX, USA) using a contin-
uous closed-loop control.

The acoustic conditions for activation and treatment are shown in
Table 3. These acoustic conditions were characterised using an in-
house 3-axis calibration system consisting of calibrated needle hydro-
phones (Precision Acoustics, Ltd., op. cit.) in the near field where the tu-
mour would be positioned during ACT® test item activation and
treatment. Acoustic attenuation was neglected due to the minimal pen-
etration depth. Fig. S1 shows the acoustic pulses and corresponding fre-
quency spectra. Fig. S2 shows the peak-to-peak pressure field scans
including −3 dB and −6 dB contours, and the construction of the be-
spoke 300 kHz ultrasound transducer.

Treatmentwas performed on a heated table andwith a heat lamp to
prevent hypothermia. Mouse body surface temperature was measured
using an infrared temperature gauge (Art. No.: 36-5737, Clas Ohlson,
Oslo, Norway) and sustained at temperatures equivalent to awake
mice (~30–32 °C) [48].

ACT® test items were prepared following manufacturer's instruc-
tions. Specifically, the PFMCP vial was homogenized for 30 s by firmly
agitating by hand. The rubber stopper of both the PFMCP and
Sonazoid™ microbubbles was perforated for venting purposes using a
19G needle, 2.54 cm long needle (B·Braun, op. cit.). Immediately after,
2 ml of the PFMCP emulsion was gently withdrawn (duration: 5 s)
and injected (duration: 5 s) into the Sonazoid™ vial. Both needles
were immediately removed and without delay the final product was
homogenized by holding the vial between the thumb and index finger,
and gently flipping it 180° back and forth approximately twice a second
for 20 s. The preparation procedure took 90–100 s.

The Paclitaxel loaded ACT® test items were prepared using the same
procedure. Due to the formulation of the paclitaxel loaded ACT®, the re-
sultant concentration was half that of non-loaded ACT® test items.
Hence, twice the volume of paclitaxel-loaded ACT® was used vs. the
non-loaded ACT® formulation (i.e., 100 μl vs. 50 μl) resulting in 150 nl
Table 3
Acoustic conditions for activation and treatment.

Activation Treatment

Duration (s) 45 300
Peak Frequency [fc] (MHz) 1.490 0.300
MI 0.44 0.1
ISPTA (mW/cm2) 2.95 2.39
ISPPA (W/cm2) 7.03 0.094
Bandwidth [−6 dB] (MHz/%) 0.91/61 0.16/53
Duty cycle (%) 0.18 7.28
Pulse duration (μs) 1.00 25
Pulse Repetition (ms/Hz) 38.3/26.1 1.0/100
Total US time (s) 0.08 21.84

Image of Fig. 3
Image of Fig. 4
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microdroplets per treatment. The 100 μl of the paclitaxel loaded ACT
clusters contained 500 ng of paclitaxel at a 5 μg/ml concentration.

Following this protocol, mice were sequentially imaged and treated
every 15–20 min.

2.9. Statistical analysis

Results are expressed asmean values± SEM. Comparisons between
groups were made using a two-tailed unpaired Student t-test and one-
way ANOVA. Differences where p b 0.05 were considered as statistically
significant. Statistics were analysed using GraphPad PRISM® v6.0a
(GraphPad Software Inc., La Jolla, CA, USA) software.

3. Results

General results indicate that ACT® alone- without paclitaxel loading
or combination treatment with paclitaxel demonstrated no additional
toxicity. However, ACT® was found to improve the treatment efficacy
of paclitaxel when compared to paclitaxel monotherapy. Nevertheless,
Fig. 5. Ultra-high-speed micrograph showing the conversion of ACT® clusters into a single bu
Sonazoid™ microbubbles and the light arrow is a PF-X droplet. Conversion is complete after 5
paclitaxel loaded ACT® did not show any improvement versus un-
loaded ACT®.

3.1. Ultra-high-speed imaging

Ultra-high-speed imagingwas used to visualise the conversion from
ACT® clusters into a single bubble. An example of this conversion is
shown in Fig. 5 and Video 1. Frame T=0 indicates the time prior to ul-
trasound arrival. Here, an ACT® cluster consisting of two Sonazoid™
microbubbles (black arrows), and one PF-X droplet (white arrows)
can be seen. After 2 cycles of ultrasound (+2.00 μs) the Sonazoid™ bub-
bles show large volumetric oscillations resulting in a blurred image.
After four cycles of ultrasound (+4.20 μs) the PF-X oil starts to vaporise.
The PF-X vapor enters the two coalesced Sonazoid™ bubbles in b400 ns
(from T=+4.20 μs T=+4.60 μs). Volumetric oscillations continue as
long as ultrasound is present. At the end of the video recording and ul-
trasound excitation the cluster has formed a single 6 μm diameter
microbubble that continues to grow. After 30 s, (following saving of
the video recording) a single large microbubble (circa 20–30 μm in
bble when excited by 1-MHz ultrasound. In the first panel (T = 0) The black arrows are
.80 μs. The bubble continues to grow and forms a large 25 μm diameter bubble after 30 s.

Image of Fig. 5
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diameter, c.f., +30 s Fig. 5) is formed following inward diffusion of gas-
ses in the surrounding liquid.

3.2. Longitudinal toxicity of ACT therapy

Toxicity of this treatment was correlated to measured bodyweight
and cage side observations of health, as defined by institutional guide-
lines. A decrease in bodyweight of 10% ormore from start datewas con-
sidered to be toxic. Following treatment once weekly over a five-week
period, a minor loss in bodyweight was observed in all groups treated
with paclitaxel. No decrease in body weight was observed in the
group treated with ACT® alone. The decrease in body weight can be at-
tributed to the chemotherapeutic and stress due to anaesthesia, and im-
aging. Themice always recovered to normal bodyweight on non-dosing
days. Throughout the experiments the mice did not exhibit any
Fig. 6.Quantitative development of tumour as a function of time. Panel A shows the tumour volu
tumour volume (measured using a vernier calliper) for the three groups treated with paclitaxe
ultrasound as a function of time. Panel D shows the full body bioluminescence intensity for all gr
power Doppler as a function of time. The stars (*) indicate statistical significance between grou
consistent weight loss surpassing the 10% margin, indicating this treat-
ment has little toxicity. Fig. S3 shows themean body weight change (%)
of each group (±SEM) normalised to pre-treatment weight, as a func-
tion of time.

3.3. Therapeutic efficacy of ACT® and paclitaxel in a xenograft model of
PDAC

ACT® in combinationwith paclitaxel was shown to have an effect on
tumour volume. Specifically, the groups treated with ACT® in combina-
tion with paclitaxel showed inhibited tumour growth.

3.3.1. Calliper measurements
Tumour calliper measurements were performed every 3–4 days.

Treatment was initiated on day 14 when tumour volumes had reached
meof all groups (measured using a vernier calliper) as a function of time. Panel B shows the
l as a function of time. Panel C shows the tumour volume of all groups measured using 3D
oups as a function of time. Panel E shows the percentage vasculaturisationmeasured using
ps using a student t-test.

Image of Fig. 6
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average volumes 53 (mm) [3], and continuedweekly for 5 cycles, as de-
fined inmaterials andmethods. On day 21 a significant difference in tu-
mour volume was observed comparing the groups treated with and
without paclitaxel (0.0257 ≤ p ≤ 0.0333) (Fig. 6-A& Table S1). The statis-
tical significance in tumour volume increased with treatment, peaking
after 4 treatments (minimum p b 0.0001 at 42 days). On day 24 the tu-
mour volume of the group PTX loaded ACT®+ PTX (IP) was significant-
ly smaller than the PTX group (PTX=153±28 (mm) [3] vs. PTX loaded
ACT® + PTX (IP) = 108 ± 20 (mm) [3], p = 0.0347) (Fig. 6-B). The
mean tumour volume of the PTX group decreased 4% from before to
after the second treatment, whereas the groups treated with ACT
showed a decrease of 34% and 24% for the ACT® + PTX (IP) and PTX
loaded ACT® + PTX (IP) groups respectively.

Following the fifth treatment (day 42) both groups (ACT® + PTX
(IP) and PTX loaded ACT® + PTX (IP)) showed a significant difference
in tumour volume compared to the PTX group (p = 0.0358 and
0.0381 respectively). This corresponding to a transient reduction in tu-
mour volume of 5% for the ACT® + PTX (IP) group and 7% for the PTX
loaded ACT®+PTX (IP)when comparing before and after the 5th treat-
ment volumes. In contrast the PTX treated group showed an increase of
15% in mean tumour volume. On day 49 and 52 the tumour volumes of
the ACT®+ PTX (IP) group remained significantly smaller than the PTX
group.

Throughout treatment no significant difference in tumour volume ob-
servedbetween theACT®+PTX (IP) andPTX loadedACT®+PTXgroups.

No difference in tumour volume was observed when comparing
ACT® treatment alone to no treatment indicating that ACT® itself had
no therapeutic effect (Fig. 6-A).
3.3.2. 3D ultrasound imaging
Results from the 3D ultrasound measurements showed a similar

trend to the calliper measurements (Fig. 6-C) where ACT® alone
had no effect on the tumour volume, paclitaxel inhibited tumour
growth which was enhanced when combined with ACT® or PTX loaded
ACT®.

Following a single treatment, the groups treated with paclitaxel had
a significantly smaller tumour volume (p=0.0058–0.0318) (Table S1).
This difference in tumour volume increased after each treatment cycle.
Comparing the tumour volumes for the paclitaxel treated groups the
mean tumour volumeof the ACT® treatedmicewas consistently smaller
Fig. 7. Volumetric renderings of primary tumour volume in representative mice from each grou
and without paclitaxel and with and without ACT. ACT alone indicates negligible effect on tum
than the PTX group. Nevertheless, the difference was not statistically
significant.

Fig. 7 shows a qualitative visualisation of representative tumours
from each group as a function of time using 3D ultrasound and manual
segmentation. The ACT® + PTX (IP) and PTX loaded ACT® + PTX (IP)
groups showed the slowest tumour progression.

3.3.3. Full body bioluminescence
Full body bioluminescence imaging results initiallymatched the vol-

umetric ultrasound and calliper measurements but with a range within
each group (Fig. 6-D). The first measurementwas performed three days
after treatment (day 17), hence from the first measurement a difference
in photon count is observed.

After two treatments the groups treated with PTX showed signifi-
cantly less bioluminescence than the groups not treated with PTX
(p = 0.0005–0.0172) (Table S1). Significance was only sustained be-
tween the ACT® + PTX (IP) vs. ACT groups following treatment.

Bioluminescence images matched the results observed by the ultra-
soundmeasurements. Fig. 8 shows full body bioluminescence images of
representative mice. The groups treated with ACT® + PTX and PTX
loaded ACT® had the lowest intensities. By day 45 the mice treated
with paclitaxel showed bioluminescence intensities similar to those of
the untreated mice on day 24 (Fig. 6-D).

3.4. Tumour vascularisation

In all groups maximum tumour vascularisation percentage was ob-
served when tumour volumes were b120 (mm) [3] (c.f., Fig. 6-C vs. -
E). Prior to treatment, no significant difference in tumour vascularisa-
tion percentage or volume was observed. By day 21, tumour vascular-
isation percentage increased in all groups, where the PTX group had
the mean highest vasculature percentage indicating that paclitaxel has
an effect on the tumour vasculature. The following week, (day 28),
after two treatments, the PTX, ACT®, and No treatment groups showed
a decrease in tumour vasculature percentage. In contrast the groups
treatedwithACT®+PTX(PTX loadedACT®+PTX (IP), andACT®+PTX
(IP)) both showed an increase in tumour vasculature percentage. This
difference was significant when comparing the ACT® + PTX groups to
the ACT group (p = 0.0237 and 0.0238) (Table S1). On day 35 the tu-
mour vascularisation declined for all groups yet the significance in tu-
mour vasculature percentage of the ACT® treated groups was
p. A qualitative difference in tumour volume can be observed between mice treated with
our volume.

Image of Fig. 7


Fig. 8. Optical bioluminescence imaging of MIA PaCa-2luc cells in representative mice treated with combinations of ACT and paclitaxel. The group treated with ACT in combination with
paclitaxel had the lowest bioluminescence signal.
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sustained or increased. In addition, the tumour percentage vasculature
for the PTX loaded ACT® + PTX (IP) group was significantly higher
than the PTX group (p = 0.0424, PTX loaded ACT® + PTX (IP) =
6.13±2.26% vs. PTX=1.17±0.28%). Fig. 9 shows a single slice ofmax-
imum vasculature in representative tumours on day 35. Vasculature is
depicted by colour Doppler (red and blue). Comparing the mice treated
with ACT® + PTX (IP) and PTX loaded ACT® + PTX (IP) to the other
groups a distinct difference is observed (Fig. 6-E). The ACT® + PTX
Fig. 9. 2D ultrasound slices through representative tumours at week 5 (day 35) depicting tum
vasculature intersecting the middle of the tumour. Yellow arrows indicate vasculature in the p
mice have large vessels that intersect through themiddle of the tumour
whilst the other groups only showminor vasculature in the periphery of
the tumour.

4. Discussion

Ultra-high-speed imaging showed that the conversion of ACT® clus-
ters into single bubbles required only 5 μs of 1-MHz ultrasound and the
our vasculature in red and blue captured using colour Doppler. Green arrows indicated
eriphery of the tumour. Scale bar indicates 2 mm.

Image of Fig. 8
Image of Fig. 9
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vaporisation of the PF-X oil occurred in less and 1 μs. These results indi-
cate that an activation period of 45 s should be more than sufficient to
convert the ACT® clusters into single large bubbles in vivo.

In this pre-clinical PDACmousemodel ACT® therapy in combination
with paclitaxel improved the therapeutic efficacy when compared to
paclitaxel alone. Specifically calliper measurements demonstrated tran-
sient reductions in tumour volumes three days following treatment
(when comparing to pre-treatment volumes). In the groups treated
with ACT® + PTX tumour volumes did not significantly increase from
the start of treatment up to day 24 (Fig. 6-B). This was not observed in
any other groups (Fig. 6-A). After the 5th and 6th treatment cycles
(day 45 and 52) tumour volume was also transiently reduced three
days after treatment. This transient reduction in tumour volume was
not observed with the ultrasound measurements due to the temporal
resolution, i.e., one vs. two to three measurements per week performed
with callipers. These transient reductions in tumour volume may be
root of the overall inhibited tumour volumes observed in ACT treated
groups.

Power Doppler measurements indicated that ACT® in combination
with paclitaxel may have an effect on tumour vascularity and possibly
tumour angiogenesis as observed with the vascularisation measure-
ments (Fig. 6-E & Fig. 9). Specifically, ACT® in combination with pacli-
taxel may sustain the vascularisation percentage in PDAC tumours. In
these measurements a large standard error is observed due to the
intragroup variation.

On day 31, three days after the 3rd treatment, no transient decrease
in tumour volumewas observed. This correlatedwith the drop in vascu-
larisation percentage (c.f., Fig. 6-B day 31 and Fig. 6-E day 35). This may
indicate that a sustained vasculature is essential for transient tumour
volume reduction, and points to a potential mechanism for the thera-
peutic enhancement observed with ACT® combinations.

Bioluminescence measurements showed low significance when
comparing the ACT® groups with control groups due to the high stan-
dard error, an expected result due to the large tumour volumes and re-
sultantly poorly vascularised tumour core. Specifically, the
bioluminescence reaction requires ATP and O2. If ATP or O2 is insuffi-
cient, the light output is not representative of the luciferase activity.
When the PDAC tumours grow rapidly, a necrotic/hypoxic core is
formed. This phenomenon does not interfere with their growth as tu-
mour cells switch from aerobic to an anaerobic metabolism. Hence the
cells require minimal O2 and ATP synthesis is very low. Consequently,
bioluminescence emission is reduced and there is no longer a correla-
tion with tumour volume [49]. In this PDAC model this lack in correla-
tion between tumour volume and bioluminescence activity was
observed from tumour volumes above 200 (mm) [3] as measured by
3D ultrasound. Throughout this study, the mice treated with paclitaxel
sustained 3D ultrasound measured tumour volumes below 200 (mm)
[3]. For these groups, the bioluminescence intensity showed a similar
trend to the ultrasound and calliper measurements, albeit with a larger
intragroup variation.

Whilst ACT® in combination with paclitaxel has been previously
shown to significantly inhibit tumour growth in a prostate cancer
model [50], in our work here we evaluate the efficacy of ACT® on a
PDACmodel. Our cell line used here (MIA PaCa-2) is 8 timesmore resis-
tant to paclitaxel than the PC-3 cell line [51] used in the previous study,
yet the addition of ACT® still resulted in increased tumour growth inhi-
bition. The PDAC tumour model also exhibits significantly lower perfu-
sion and vascularisation [52,53] making it a farmore challengingmodel
to treat.We also evaluated the effect of ACT® on the vasculature and cor-
related it to treatment efficacy. It has been previously shown that
inhibiting Hedgehog signalling pathway resulted in depleted tumour
associate stromal tissue and increased intra-tumour vascular density
leading to disease stabilisation [54,55]. Other studies have demonstrat-
ed that by increasing the tumour vasculature in a PDAC model allowed
for increased intra-tumour drug delivery which inhibits tumour growth
[56]. Our results show a similar response to such studies, where the
addition of ACT® to the chemotherapeutic regimen increased/sustained
a high vascular density compared to the non-ACT® groupswhich lead to
enhanced tumour growth inhibition. Angiogenesis inhibitors alone,
such as PTX have previously shown to have no effect on the late stage
vascularity of PDAC tumours [57]. Hence, the increased vascularity ob-
served here may be a result of ACT® treatment in combination with
the chemotherapeutic agent inhibiting tumour growth, allowing the
vascular network to grow or be sustained, leading to increased thera-
peutic agent delivery and further enhanced therapy.

A limitation in this study was the low concentration of drug within
the PF-X oil. Improving the formulation for higher concentrations may
improve the efficacy. In addition, optimising the acoustic treatment con-
ditions (i.e., centre frequency, bandwidth, MI, pulse repetition frequen-
cy, and duty cycle) may significantly improve the treatment efficacy. In
addition, the transient reduction in tumour volumes suggest that alter-
nate regimes combining lower dose PTX in combination with more fre-
quent, or back-to-back ACT® treatment may render greater therapeutic
benefit.

A drawback of ACT® when compared to sonoporation using com-
mercial microbubbles [16,58] the requirement to use two ultrasound
frequencies, one to activate, and one to treat. If activation is poor the
treatmentmay be in-effective. Comparing the efficacy of ACT® to previ-
ous publications using sonoporation with commercial microbubbles is
currently not possible due to the use of a different tumour model (sub-
cutaneous vs. orthotopic) and therapeutic agent (gemcitabine vs. pacli-
taxel). Nevertheless, in this study, transient tumour volume reduction
was observed. As ACT® is still a novel technique and further develop-
ment on improving the ultrasound emission conditions and the treat-
ment protocol is required. These improvements may improve the
efficacy observed in this manuscript.

5. Conclusion

ACT® improves the therapeutic efficacy of paclitaxel in a subcutane-
ous pancreatic cancermousemodel. ACT® alonewas seen to have no ef-
fect on tumour development. Three days after treatment a reduction in
tumour volumewas observed in the ACT® treated groups, whereas che-
motherapy alone, only inhibited tumour growth. Groups treated with
ACT® in combinationwith paclitaxel showed a sustained tumour vascu-
larisation percentage when compare to groups treated with paclitaxel
or ACT® alone.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jconrel.2016.11.019.
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