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The restrictive nature of the blood-brain barrier (BBB) prevents efficient treatment of many brain diseases.
Focused ultrasound in combination with microbubbles has shown to safely and transiently increase BBB
permeability. Here, the potential of Acoustic Cluster Therapy (ACT®), a microbubble platform specifically

igl;g engineered for theranostic purposes, to increase the permeability of the BBB and improve accumulation of
Nanomedicine IRDye® 800CW-PEG and core-crosslinked polymeric micelles (CCPM) in the murine brain, was studied. Contrast

enhanced magnetic resonance imaging (MRI) showed increased BBB permeability in all animals after ACT®.
Near infrared fluorescence (NIRF) images of excised brains 1 h post ACT® revealed an increased accumulation of
the IRDye® 800CW-PEG (5.2-fold) and CCPM (3.7-fold) in ACT®-treated brains compared to control brains,
which was retained up to 24 h post ACT®. Confocal laser scanning microscopy (CLSM) showed improved
extravasation and penetration of CCPM into the brain parenchyma after ACT®. Histological examination of brain
sections showed no treatment related tissue damage. This study demonstrated that ACT® increases the perme-
ability of the BBB and enhances accumulation of macromolecules and clinically relevant nanoparticles to the
brain, taking a principal step in enabling improved treatment of various brain diseases.

Dual frequency transducer

1. Introduction

A functional blood-brain barrier (BBB) is crucial for neural function
and protection against toxins and pathogens. The BBB, formed of
specialized cerebral endothelial cells, pericytes, astrocytes and immune
cells, tightly regulates paracellular and transcellular transport of mole-
cules to the brain. Due to its highly restrictive nature, only small, hy-
drophilic molecules (<400-500 Da) can pass, excluding most drug
candidates to efficiently treat brain diseases [1,2]. Different strategies
ranging from chemical, biological to physical stimuli have been
employed to circumvent the BBB, but often resulted in insufficient
localization, low therapeutic efficacy, damage to healthy tissue or
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adverse systemic effects [3-6].

Non-invasive focused ultrasound treatment in combination with
systemically injected microbubbles, has shown to safely and transiently
increase the BBB permeability at the targeted site [7-15]. Most micro-
bubbles used for ultrasound-induced increase of BBB permeability are
regular ultrasound contrast agents, such as Optison™, Definity™ and
SonoVue™, primarily designed and optimized for diagnostic purposes.
Due to their small size (diameter 1-3 pm) diagnostic microbubbles are
free flowing in the vasculature and achieve only limited contact with the
vessel wall, making them less optimal for therapeutic applications.

Acoustic Cluster Therapy (ACT®) provides a novel microbubble
platform addressing the shortcomings of current microbubbles [16,17].
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The ACT®-concept comprises an intravenous co-injection of therapeutic
agents and microdroplet-microbubble clusters. Using high frequency
ultrasound (> 2- MHz), microbubbles transfer energy to the micro-
droplets inducing droplet vaporization, forming large activated ACT®
bubbles (20-25 pm), which transiently lodge in a small fraction of the
targeted vasculature. The second ultrasound exposure at lower fre-
quency (500 kHz) induces controlled volume oscillations of the ACT®
bubbles, exerting biomechanical forces on the capillary wall and
enhancing local accumulation of the co-injected therapeutic agent at the
targeted site [18]. ACT® bubbles will cover larger areas within the blood
vessel and stay for a prolonged time, resulting in intensified contact with
the endothelium compared to conventional microbubbles [16]. No se-
vere side effects of ACT® were observed in pre-clinical safety assess-
ments [19]. Several pre-clinical studies in different cancer models have
demonstrated the improved therapeutic efficacy when chemothera-
peutic agents were combined with ACT® [20-23]. Due to the promising
pre-clinical results, a first in man study (NCT04021277) assessing safety
and efficacy of ACT® combined with standard of care chemotherapy is
currently being conducted.

The potential of ACT® to increase the permeability of the BBB and
consequent brain uptake remains largely understudied. An initial proof
of principle study in healthy rats showed increased BBB permeability
after ACT®, leading to increased accumulation of a small model drug
[24]. These experiments were conducted with sub-optimal ultrasound
frequencies, not fully exploiting the potential of ACT®.

In recent years, core-crosslinked polymeric micelles (CCPM) have
emerged as promising nanomedicine to improve therapeutic perfor-
mance of a range of drug candidates [25]. Particularly, a polymeric
nanoparticle platform known as CriPec® enables the manufacturing of
biodegradable CCPM with active pharmaceutical ingredients (API)
temporarily covalently entrapped via hydrolysable linkers. Key phar-
maceutical characteristics of the generated CCPM such as particle size
and API release kinetics are highly customisable, enabling a wide range
of applications [26]. Preclinical evaluation has shown excellent phar-
macokinetics resulting in improved target tissue accumulation and ef-
ficacy for various drugs including docetaxel and dexamethasone
[27,28]. CCPM with entrapped docetaxel demonstrated excellent clin-
ical translation, since prolonged systemic circulation, improved safety
profile and 4-fold enhanced tumor uptake was demonstrated in patients
with advanced solid tumours [29]. However, as for most other drug
nanocarriers, uptake in brain was absent due to the dense BBB impeding
access. Combining ACT® with clinically relevant nanomedicine would
hold great promise for treating a variety of brain disorders.

In this study, a custom-built dual frequency ultrasound transducer
[30] was used for ACT® to increase BBB permeability. The extent of BBB
permeability increase was evaluated with contrast-enhanced magnetic
resonance imaging (MRI). Accumulation of the small model drug
IRDye® 800CW-PEG and 65 nm dual fluorophore-labelled CCPM in
healthy mice brains was studied using near infrared fluorescence (NIRF)
imaging. Brain sections were imaged by confocal laser scanning mi-
croscopy (CLSM) to analyze the micro-distribution of CCPM or stained
with haematoxylin erythrosine saffron (HES) to evaluate the safety of
ACT®.

2. Material and methods
2.1. ACT® formulation

The ACT® formulation consisted of a dispersion of microbubble/
microdroplet clusters and was kindly provided by EXACT Therapeutics
AS (Oslo, Norway). A more detailed description of the ACT® formula-
tion was published previously [16]. In brief, the commercially available
negatively charged microbubbles Sonazoid™ (GE Healthcare AS, Oslo,
Norway) are reconstituted with 2 ml of a positively charged micro-
droplet emulsion of 4 pl/ml perfluoromethylcyclopentane (PFMCP)
stabilized with a distearoylphosphatidylcholine (DSPC) phospholipid
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membrane containing 3% (mol/mol) stearyl amine (SA), all dispersed in
a 5 mM TRIS buffer. Once reconstituted, the formulation consists of a
suspension of microbubble/microdroplet clusters with a median diam-
eter of 4.5 pm [16].

2.2. IRDye® 800CW-PEG and CCPM

The vascular contrast agent IRDye® 800CW-PEG (25-60 kDa; LI-
COR, USA) was used as a model compound (stock: 1 nmol/100 pl).

Cy7, rhodamine B-labelled CCPM were manufactured and kindly
provided by Cristal Therapeutics (Cristal Therapeutics, Maastricht, The
Netherlands). The near infrared fluorophore Cy7 was used to image in
vivo brain accumulation of the CCPM by NIRF. Rhodamine B was used to
study the microdistribution of CCPM by CLSM.

In brief, first, rhodamine B was conjugated to a fraction (6.6 mol%)
of the lactate side chains of methacrylated mPEGsoo-b-pHPMAmLac;, (n
=1 or 2) block copolymer (22 kDa) via Steglich esterification [31] to
obtain rhodamine-labelled block copolymers. Next, fluorophores-
labelled CCPM were manufactured essentially following the protocol
reported previously [32], except that a mixture of azide-functionalised
(5 mol%), rhodamine-labelled (33 mol%) and non-functionalised (62
mol%) methacrylated mPEGsggo-b-pHPMAmLac, (n = 1 or 2) block
copolymers (22 kDa) was used to form azide-functionalised rhodamine-
labelled CCPM prior to Cy7 conjugation. Analytical characterisations
revealed that the obtained Cy7, rhodamine-labelled CCPM (88 mg/ml
polymer, 40 uM Cy7 equiv. and 9 mM rhodamine equiv.) has a hydro-
dynamic size of 65 nm, with free rhodamine dye and free Cy7 label less
than 1 mol% relative to that covalently attached to CCPM.

2.3. Animals

49 female albino BL6 mice, purchased at 6-8 weeks of age (Janvier
labs, France), were housed in groups of five in individually ventilated
cages under conditions free of specific pathogens. Cages were enriched
with housing, nesting material and gnaw sticks, and were kept in a
controlled environment (20-23 °C, humidity of 50-60%) at a 12-h
night/day cycle. Animals had free access to food and sterile water. All
experimental procedures were approved by the Norwegian Food Safety
Authority.

2.4. MR-imaging

MR-imaging was performed with a 7.05 T horizontal bore magnet
(Biospec 70/20 Avance III, Bruker Biospin) with an 86 mm volume
resonator for RF transmission and a 4-channel phased array cryocoil for
reception.

Animals were scanned pre, immediately after (post) and in some
cases 24 h and 48 h post ACT®. Before each MRI scan, animals received
an intravenous bolus injection of a gadolinium-based contrast agent
(1.5 ml/kg, 0.5 mmol/ml, Omniscan™, GE Healthcare). BBB perme-
ability was evaluated by detecting extravasated contrast agent with a T1
RARE sequence (Echo time (TE) 6.3 ms, repetition time (TR) 1500 ms
and 4 averages). A T2 RARE sequence was acquired for detecting
oedema (TE 40 ms, TR 4000 ms and 2 averages). A T1 FLASH sequence
was acquired to detect haemorrhages (TE 6.5 ms, TR 30 ms, flip angle
20° and 2 averages). All sequences had a field of view of 25.6 mm x
16.0 mm, with a matrix size of 256 x 160, a slice thickness of 0.4 mm
and 25 slices spaced 0.4 mm. MR acquisition parameters were set using
Bruker Paravision 6.0.1.

2.5. Ultrasound set-up

An illustration of the ultrasound set-up is shown in Fig. 1. A custom-
built dual frequency transducer, which utilizes the first (0.5 MHz) and
fifth harmonic (2.7 MHz) [30], was mounted on top of a custom-made
cone filled with degassed water. The transducer had a diameter of 42
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Fig. 1. Not-to-scale illustration of the ultrasound set-up used during ACT®. Nose gas mask is not shown. All connections are achieved through BNC cables. The
animal is placed in prone position on the MR animal bed and the head is fixed by ear bars. The entire MR animal bed is placed in the ultrasound set-up.

mm and 220 mm away from the transducer surface, the —3 dB width of
the beam profile of 0.5 MHz and 2.7 MHz were 16 and 6 mm, respec-
tively. Signals were generated with a signal generator (33500B, Agilent
Technologies, USA) and amplified with a 50 dB RF amplifier (2100 L,
E&I, USA). The amplifier was connected to the switch box which con-
tained two electrical circuits for electrical matching of both frequencies.
Electrical tuning was needed to achieve efficient transfer of electrical
energy to acoustic energy by the transducer. Switching between the two
electrical configurations was achieved with a rotary switch [30].

The bottom of the cone was covered with an optically and acousti-
cally transparent plastic foil (Jula Norge AS, Norway), forming a bag.
The animal was positioned in prone position on top of an acoustically
absorbing material (Aptflex F28, Precision Acoustics, UK), with ultra-
sound gel for coupling between the acoustic absorber, the animals head
and the acoustically transparent foil. The head was fixed with ear bars to
prevent motion artefacts during MR imaging and to prevent movement
of the head when the cone was lowered until the foil was in contact with
the head.

2.6. ACT®

ACT® consisted of a bolus injection of 25 pl of ACT® clusters prior to
the 60 s activation ultrasound and 300 s enhancement insonation. After
each injection, the catheter was flushed with 25 pl of saline. Each animal
received 3 times ACT®, resulting in a total of 75 pl ACT® formulation
and 18 min ultrasound.

The attenuation through the murine skull was measured to be
approximately 21 + 17% and 42 + 21% for the 0.5 MHz and 2.7 MHz
frequencies, respectively (see supplementary information). The
following attenuation compensated in situ ultrasound parameters were
used for each step:
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@ Activation: Frequency of 2.7 MHz, Peak negative pressure (PNP) of
0.21 MPa and corresponding mechanical index (MI) of 0.13, Peak
positive pressure (PPP) of 0.41 MPa, 8 cycles pulse length, pulse
repetition frequency of 1 kHz and sonication time of 60 s.

@® Enhancement: Frequency of 0.5 MHz, PNP of 0.1 MPa and corre-
sponding MI of 0.14, PPP of 0.09 MPa, 4 cycles pulse length, pulse
repetition frequency of 1 kHz and sonication time of 300 s.

2.7. Experimental procedure — ACT®-induced delivery of the IRDye®
800CW-PEG and CCPM

The timeline of the experimental procedure is presented in Fig. 2.
Animals were anaesthetized using 2% isoflurane in medical air (78%)
and oxygen (20%) (Baxter, USA) after which their lateral tail vein was
cannulated. Hair was removed with a hair trimmer and depilatory cream
(Veet, Canada). The animals were placed in prone position on the MRI-
bed and a pre-scan (Pre-MRI scan) was performed before the MRI-bed
was placed in the ultrasound set-up. During MRI-imaging and ACT®,
animals were anaesthetized using 1.5-2% isoflurane in medical air.
Respiration rate was monitored using a pressure sensitive probe (SA
instruments, USA). The body temperature was monitored by a rectal
temperature probe (SA instruments, USA) and maintained at 37 °C with
external heating.

Prior to ACT®, 50 pl of IRDye® 800CW-PEG (final concentration of
5 pmol/g body weight) or 50 pl of CCPM solution (final Cy7 dosage of 2
nmol Cy7 equiv. per animal) was intravenously injected. Each animal
received 3 times ACT® followed by another MRI-scan (Post-MRI scan).
Control animals were handled in the same way as the ACT® animals but
received 3 times 25 pl saline instead of the ACT® formulation. A total of
37 animals were included in the various groups, as shown in Table 1.

To study whether an increased BBB permeability could still be
detected 24 h post ACT® and to study the accumulation of both the
IRDye® 800CW-PEG and CCPM at this timepoint, a subgroup of the 37
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Fig. 2. Timeline for the 1 h and 24 h treatment groups from anesthetization until sectioning of the brains. (Gd = Gadolinium-based contrast agent, ACT® = Acoustic
cluster therapy, MRI = Magnetic resonance imaging, NIRF = Near infrared fluorescence).

Table 1

Overview of the treatment groups including a total of 37 animals.

Treatment Timepoint Sectioning Number
Fixed
1 hour
-’ Frozen
Fixed
Control
24 hours
Frozen
Fixed
1 hour
@ ) Frozen
-
Fixed
ACT®
24 hours
Frozen
IRDye® 800CW-PEG CCPM

Animals received either IRDye® 800CW-PEG (orange) or CCPM (purple) in combination with ACT®. One group of animals
were used as controls and received saline instead of ACT®. Euthanization timepoints were 1 h or 24 h post ACT®, after which
the brains were either fixed in formalin for HES staining or frozen in liquid nitrogen for CLSM.

animals underwent another MRI-scan (24 h post-MRI scan) the day after
ACT®.

The effect of injecting 1 time ACT® and applying only the activation
(n = 3), only the enhancement ultrasound (n = 3) or the combined
treatment (n = 3) was studied by assessing BBB permeability and
accumulation of the IRDye® 800CW-PEG (see supplementary
information).

To label the functional vasculature for CLSM, animals received 50 pl
of fluorescein (FITC) labelled Lycopersicon esculentum tomato lectin (2
mg/ml, Vector Laboratories, UK) 5 min prior to euthanization.

All animals were euthanized by an intraperitoneal injection of
pentobarbital (200 pl) and kept under anaesthesia until their breathing
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halted. Thereafter, they were transcardially perfused with 30 ml of PBS
after which the brain was excised and imaged with the NIRF imager.

2.8. Analysis of BBB permeability

To evaluate BBB permeability after ACT®, the gadolinium-induced
contrast in T1 images was measured with ImageJ (ImageJ 1.51j, USA).
Four regions of interest (ROIs) were drawn around the ventricles (Fig. 3)
and their average intensity was obtained at 4-5 consecutive levels (slice
thickness 0.4 mm; depth covered 1.6-2.0 mm), all located at eye height.
To eliminate any effect of different blood concentrations of the gado-
linium contrast agent between pre- and post-MRI scans, the average
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Fig. 3. White circles indicate regions of interest (ROIs). Numbered ROIs represent the area of which the relative increase in image intensity was determined. First, the
average intensity of these ROIs was normalized by the average intensity of the ROI labelled CB (cerebellum) at the corresponding timepoint (i.e. pre or post). The
normalized intensity of the numbered ROIs was used to calculate the relative increase in image intensity as described by eq. 1. Scalebar represents 4 mm.

intensity of each ROI (I;;) was normalized to the average intensity of an
ROI drawn on the cerebellum (Igg). The cerebellum was chosen because
of its location outside the ACT®-treated region and its homogenous MR
image intensity. Thereafter, the relative increase in intensity with
respect to the pre-MRI scan was calculated to evaluate the degree of BBB
permeability for each ROI at each level. The average relative increase
per animal was calculated by taking the average of all values obtained
(see eq. 1). T2 and T1 FLASH images were visually examined to evaluate
oedema and haemorrhages, respectively.

2.9. Near infrared fluorescence imaging

Excised brains were placed in a NIRF imager (Pearl Impulse Imager,
LI-COR Biosciences Ltd., USA) to assess accumulation of either the
IRDye® 800CW-PEG or CCPM in the brain. Fluorophores were excited at
785 nm and fluorescence emission was detected at 820 nm. Images were
analysed with ImageJ (ImageJ 1.51j, USA). An ROI was drawn around
the brain and the total fluorescence intensity was acquired and
normalized to the wet weight of the brain. Standard curves for each of
the injected agents (Fig. S1) were used to convert the total fluorescence
intensity to the percentage of the injected dose per gram of brain tissue
(% ID/g). Results were plotted per timepoint and treatment group.

2.10. Brain sectioning for microscopy

For confocal microscopy, excised brains were mounted transversely
on a piece of cork with OCT Tissue Tek (Sakura, The Netherlands) before
submerging the sample slowly in liquid nitrogen. Of the frozen brains,
the first 500 pm from the top were removed after which 5 x 10 pm thick
sections and 5 x 25 pm thick sections were cut transversely. This was
repeated every 800 pm throughout the brain.

For histology, excised brains were submerged in formalin for at least
24 h before sectioning. Formalin fixed brains were embedded in
paraffin. Thereafter the first 500 pm from the top were removed after
which 3 x 4 pm thick sections were cut transversely. This was repeated
every 1000 pm throughout the brain. Thereafter sections were stained
with HES to evaluate the extent of tissue damage after ACT®.

2.11. Confocal laser scanning microscopy of brain sections

Microdistribution of CCPM was imaged by CLSM using the LSM 800
from Zeiss. Prior to imaging, 25 pm thick frozen brain sections were
thawed at room temperature after which they were mounted with
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Vectashield (Vector Laboratories, USA) and covered with a cover glass.
A 20x/0.8 Plan-Apochromat air objective was used to acquire tile scans
of the whole section (1024 x 1024 pixels, 16-bit, pixel size 312 nm, 10%
overlap between tiles, 2 averages by line). FITC labelled lectin stained
blood vessels were imaged by exciting the sections with a 488 nm diode
laser and emission was detected between 495 and 540 nm. The
Rhodamine B labelled CCPM were excited with a 561 nm diode laser and
fluorescence emission was detected between 570 nm and 700 nm. Z-
stacks at ROI were acquired with a 40x/1.2C-Apochromat water
objective (1024 x 1024, 16-bit, pixel size and 321 nm and 156 nm
respectively, 0.5 pm increment in z-direction, optical slice thickness 1.0
pm).

CLSM tilescans were analysed with ImageJ (ImageJ 1.51j, USA). The
CCPM channel was individually thresholded by built-in threshold
function (Li) in ImageJ. Per section, an ROI around the two hemispheres
was drawn and the total number of pixels representing CCPM was ob-
tained, normalized to the size of the ROI used and plotted per treatment
group. The built-in function ‘Analyze particles’ from ImageJ was used to
obtain information about the size and number of CCPM areas found in
each image. The CCPM areas found were divided in three size groups: <
240, 240-24.000 and > 24.000 pmz. The cut-off values (240 and
24.000) were based on the size of CCPM areas found in the control
sections. Approximately 99% of the detected CCPM areas in the control
sections had a size below 240 pm?. The threshold 24.000 pm? was based
on the average maximal size of CCPM areas found in the six control
sections. All CCPM areas with a size above 24.000 pm? are referred to as
‘clouds’.

2.12. Histology

Tilescans of HES sections were acquired by bright field imaging with
the LSM 800 from Zeiss. A 20x /0.8 Plan-Apochromat air objective was
used to acquire tilescans of the whole section which were assessed for
tissue damage by a senior neuropathologist.

2.13. Statistics

Statistical analysis of all datasets was performed using GraphPad
Prism (v8.0, USA). The statistical test used depended on the type and
number of datasets compared and is specified in the caption of the
corresponding figure. A p-value smaller than 0.05 was considered to
indicate significance.
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3. Results
3.1. Enhanced BBB permeability due to ACT®

Representative T1, T2 and T1 FLASH images are shown in Fig. 4A. An
increase in gadolinium-induced contrast caused by extravasation of the
gadolinium containing contrast agent due to an enhanced permeability
of the BBB, was observed in T1 images taken post ACT®. For all animals,
T2 images showed an increased signal intensity colocalizing with the site
of BBB disruption, indicating the presence of oedema. In T1-FLASH,
besides the gadolinium-induced contrast, a few dark spots were
detected.

The relative increase in intensity between pre and post MR images
for both the control and ACT®-treated animals are shown in Fig. 4B. The
spread of the datapoints in the ACT®-treated group represents the
different degrees of BBB permeability obtained. In average, a 1.5-fold
increase in gadolinium-induced contrast was observed for animals
which received ACT® compared to control animals (p < 0.001). 24 h
post ACT®, small spots with gadolinium-induced contrast were
observed in T1 images (Fig. S2) but disappeared 48 h after, implying
recovery of the BBB.

Axial images of a T1 MRI 3D volume demonstrate the extent of
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gadolinium-induced contrast along the craniocaudal axis (Fig. 4C).

Applying only the activation or enhancement ultrasound resulted in
a 1.2-fold and no increase (1-fold) whereas the combined treatment
showed a 1.3-fold increase in gadolinium-induced contrast in MR im-
ages taken pre and post treatment (Fig. S3).

3.2. Increased accumulation of the IRDye® 800CW-PEG and CCPM after
ACT®

MRI showed clear extravasation of the gadolinium-containing
contrast agent indicating increased permeability of the BBB after
ACT®. To study whether the increased permeability would facilitate
extravasation of IRDye® 800CW-PEG (25-60 kDa) and CCPM (65 nm),
excised brains were imaged in a NIRF imager. Representative NIRF-
images of animals injected with the macromolecule and CCPM are
shown in Fig. 5A and B, respectively.

For both agents, increased accumulation could be observed in brains
which received ACT® compared to the control brains. Quantitative
analysis of the NIRF-images revealed a statistically significant increase
in accumulation (% ID/g) between the ACT® and control animals for
both agents and at both timepoints (Fig. 5C-D). For animals injected
with the IRDye® 800CW-PEG, the average % ID/g increased from 1.1 +
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Fig. 4. (A) Representative T1, T2 and T1 FLASH images of animals pre and post ACT®. Dashed white circles indicate the area treated with ACT®. A clear signal
intensity increase can be observed in the T1 and T1 FLASH images taken post ACT®. The observed signal intensity in the T2 images colocalizes with the site of
increased BBB permeability and indicates the presence of oedema. (B) Relative increase in MR image intensity between T1 images acquired pre and post treatment for
control (n = 14) and ACT®-treated animals (n = 21). Asterisks show statistical significance (***p < 0.001). P-values were derived from a student's t-test. (C) Coronal
and corresponding (i-iii) axial images of a T1 3D MR image volume acquired pre (left panel) and post ACT® (right panel). In the post ACT® MR images, gadolinium-
induced contrast can be observed around the ventrical system and along the craniocaudal axis. In all images, scalebar represents 4 mm.
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Fig. 5. Representative NIRF-images of excised brains
of animals injected with (A) IRDye® 800CW-PEG or
(B) CCPM. ACT®-treated brains showed increased
accumulation opposed to control brains for both
injected agents at 1 h and 24 h post ACT®. Scalebar
represents 4 mm. The % ID/g for animals injected
with (C) the IRDye® 800CW-PEG and (D) CCPM
verifies the observed differences and shows a statis-
tically significant difference between the control
(white) and ACT®-treated (grey) animals for each
injectable at both timepoints. Asterisk shows statis-
tical significance. (*p < 0.05) P-values were derived
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0.5% ID/g in the control animals to 5.7 + 2.5% ID/g in ACT®-treated
animals 1 h after ACT®. At 24 h after injection, 0.7 + 0.2% ID/g was
observed for the controls and 4.6 + 2.5% ID/g in the ACT®-treated
animals. Hence, ACT® induced a 5.2-fold and 6.6-fold increase in % ID/
g in the 1 h and 24 h treatment group, respectively. For animals injected
with CCPM, the average % ID/g increased from 0.9 + 0.1% ID/g to 3.3
+1.3% ID/g at 1 h, and from 0.8 + 0.1% ID/g to 2.1 + 0.5% ID/g 24 h
after treatment. Respectively, a 3.7-fold and 2.6-fold increase in % ID/g
was observed. No statistically significant difference was found between
both timepoints neither for IRDye® 800CW-PEG nor CCPM, indicating
that the agents are retained in the extravascular space for 24 h.
Corresponding NIRF images of animals receiving 1 time ACT®
showed in average a 2.2-fold increase in % ID/g. Only activation
exposure resulted in a 1.7-fold increase in % ID/g while only enhance-
ment exposure yielded no increase in brain accumulation (Fig. S3).

3.3. Extravasation of CCPM observed in ACT®-treated brains

To verify that the increased accumulation of the CCPM in brain tissue
after ACT® was due to extravasation of the CCPM, the location of CCPM
with respect to blood vessels, was imaged on frozen brain sections by
CLSM. Tilescans of ACT®-treated brains showed several ‘clouds’ of
fluorescence which were not observed in brains of control animals
(Fig. 6). Depending on which section level in the brain was imaged,
CCPM were more profoundly present in the cerebral cortex (Fig. S4).
Tilescans of the 24 h treatment group showed similar cloud patterns as
the 1 h treatment group (Fig. S5). From thresholded tilescans of both
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control and ACT®-treated animals, the number of pixels representing
CCPM were extracted and normalized to the size of the ROI used to
outline the hemispheres. A statistically significant 4.7-fold increase can
be observed in the 1 h post ACT®-treated sections as opposed to the
control brains (Fig. 7) which is a larger increase than observed in the
NIRF images. From the thresholded CCPM image, individual areas with
CCPM could be identified and their size was analysed (Table 2). From
Table 2 it can be seen that the large CCPM areas (>24.000, ‘clouds’)
observed in the ACT®-treated brains accounted for approximately 55%
of the pixels representing CCPM. In average, 17 of these clouds were
observed per ACT®-treated brain section whereas only 1 was observed
per control section.

High magnification CLSM images at different locations in both the
control brains and the ACT®-treated brains were acquired to study the
location of the CCPM with respect to the blood vessels (Fig. 6, i-iv). In
ACT®-treated brains, CCPM had extravasated and penetrated into the
brain parenchyma whereas in control brains CCPM were mainly
observed intravascularly or minimally displaced from the blood vessel
staining. 3D renderings of acquired CLSM Z-stacks showed this more
clearly (Fig. S6).

3.4. No haemorrhages observed in HES stained sections of brains after
ACT®

Representative T1 FLASH MR images and corresponding HES stained
sections of ACT®-treated brains 1 h and 24 h post ACT® are shown in
Fig. 8. MR images showed a few dark spots which could represent
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Fig. 6. CLSM tilescans acquired with a 20x/0.8 air objective of (A) a control brain and (B) an ACT®-treated brain of animals euthanized 1 h post ACT®. Blood
vessels are shown in green and CCPM in red. (i-iv) Selection of acquired Z-projection (sum of slices) of CLSM Z-stack images acquired with a 40x /1.2 water objective.
Scalebar in tilescans and zoom-ins represents 2000 ym and 20 pm, respectively. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

haemorrhages, dilated vessels or undissolved gas. High magnification
images of HES stained sections revealed a few spots with extravasated
erythrocytes (Fig. 8 C,F) that were of no clinical relevance. In Fig. 8 C
extravasated erythrocytes accumulated in an embryonical area popu-
lated by primitive neurons. No haemorrhages, infiltrating neutrophils or
damaged endothelial cells or neurons could be detected.

4. Discussion

This work demonstrated that ACT® can increase the permeability of
the BBB in a temporal and safe fashion and improve transport of co-
administered compounds into the brain, whose passage is normally
impaired by the BBB. Next to the small hydrophilic macromolecule
IRDye® 800CW-PEG, the larger clinically relevant CCPM nanocarriers
showed enhanced accumulation and penetration in the murine brain
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post ACT®. These findings generate new treatment options for a range of
neurological applications that would benefit from a combined therapy.

ACT®-induced increase of the BBB permeability was evaluated by
contrast-enhanced MR imaging and confirmed by the observed
increased accumulation of the IRDye® 800CW-PEG and CCPM in NIRF
images of excised brains. Integrity changes of the BBB are expected to be
caused by the combined effect of the activation and enhancement ul-
trasound exposure steps of the ACT® concept. The rapid vaporization
(ps) of microdroplets into larger microbubbles, may cause a pressure-
induced temporary stretch of brain capillaries (3-4 pm) [33]. The
vasodilation might activate mechanosensitive intracellular pathways as
well as alter the inter-endothelial tight junctions, allowing co-injected
agents to extravasate [34]. The subsequent enhancement step will
cause the large activated ACT® bubbles to oscillate, inducing pressure
waves on the blood vessel wall, which may enhance para- and trans-
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Fig. 7. The number of pixels representing CCPM presented as the percentage of
the size of brain area analysed for both the control and ACT®-treated animals
(n = 6). Per group, two brain levels in three animals were imaged. P-values
were derived with a t-test. (***p < 0.001).

Table 2
Analysis of the CCPM areas observed in CLSM tilescans of control (CTRL) and
ACT®-treated animals (ACT®).

Size CCPM area [um?] Average size Number % of total number of
[pm?] CCPM pixels
<240 CTRL 48 + 4 7225 + 48.7 +12.3
3804
ACT® 44 +£10 10,067 + 18.1 & 9.2%*
5648
240-24.000 CTRL 774 + 218 469 + 299 47.4 £ 9.0
ACT® 1208 + 428 750 + 623 26.4 + 9.8%*
>24.000 CTRL 350,537 + 1+1 3.9+48
6699
ACT® 80,863 + 17 + 5*** 55.5 + 18.3**
18541**

The average size, number of areas and percentage of the total number of CCPM
pixels the CCPM areas account for in the CLSM tilescans. t-tests were employed
to test for statistically significance between the control and ACT®-treated group.
(n = 6 per group) (*p < 0.05, **p < 0.01, ***p < 0.001).

endothelial transport of the co-injected agents. Applying only the acti-
vation ultrasound resulted in a modest gadolinium-enhanced contrast
and accumulation of IRDye® 800CW-PEG, while applying only the
enhancement ultrasound did not increase the permeability of the BBB
and accumulation of the IRDye® 800CW-PEG. This is in line with the
expected mechanism of ACT®. The low ultrasound frequency and low
pressures of the enhancement step are sub-optimal for the ACT® clus-
ters, neither activating them, nor causing them to oscillate sufficiently to
facilitate extravasation of the co-injected agents. Although ACT® bub-
bles seem to induce structural changes to the BBB, there is no evidence of
relevant tissue disruption. No cellular responses, such as degenerative
changes in neurons, endothelial damage or infiltration of neutrophils,
indicating an inflammatory response to the treatment could be observed
from HES stained sections. T1 FLASH MR images showed a few dark
spots which potentially could represent haemorrhages. However, his-
tological investigation only showed a few extravasated erythrocytes but
no haemorrhages, indicating that ACT® did not provoke substantial
damage. Thus, the dark spots observed in the T1 FLASH MR images
probably represent other ACT®-induced effects such as dilated vessels.

Upon ACT®, a spotted pattern of gadolinium enhanced contrast in
MR images was observed in the brain which is in line with previous work
utilizing ACT® [24] despite the differences in experimental parameters.
The spotted pattern may be caused by the small fraction of injected
ACT® clusters that will be activated resulting in only a limited number
of ACT® bubbles lodging in the vasculature of the targeted tissue.
Additionally, the lodged ACT® bubbles will vary in size and shape
depending on the type of vessel they are residing in such that they will
respond heterogeneously to the enhancement ultrasound [16,17]. The
activation yield and bubble oscillations may be further affected by the
distorted ultrasound beam profile caused by the curvature and varying
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thickness of the skull.

The enhanced BBB permeability was still clearly observed 24 h post
ACT® treatment but 48 h after treatment, no gadolinium-enhanced
contrast was observed in the MR images, indicating recovery of the
BBB. The observed recovery time is in the same range as what others
have reported [35-37], and similar to what has been observed previ-
ously with ACT® [24]. Temporary and localized disruption of the BBB
was obtained using lower acoustic pressures (0.2-0.4 MPa and
0.08-0.12 MPa) than reported in studies using conventional micro-
bubbles (0.3-0.6 MPa) [37] and beneath the reported threshold value
for damage [11].

For both the IRDye® 800CW-PEG and CCPM, a significant increase
in accumulation was observed in ACT®-treated brains compared to
control brains. Accumulation was highest 1 h after ACT® but did not
differ significantly from 24 h post ACT®. This indicates that both com-
pounds were able to retain in the parenchyma for 24 h post ACT®.
Microvascular changes induced by ACT® could have affected the brain
interstitial fluid flow thereby impairing brain clearance [38]. Accumu-
lation of the IRDye® 800CW-PEG macromolecule (45 kDa) was
approximately 2 times higher compared to CCPM (65 nm). A superior
accumulation of the macromolecule over CCPM was expected, since
smaller sized compounds have been observed to extravasate more effi-
ciently across the BBB after ultrasound-induced increase of the BBB
permeability compared to larger compounds [39,40].

In CLSM tile scans of ACT®-treated brain sections, CCPM appeared in
clouds distributed throughout the brain whereas no clouds were
observed in control sections. The area in which clouds were observed
exceeded the —3 dB activation ultrasound beam width (@ 6 mm), which
is most likely a result of activated ACT® bubbles circulating through the
vasculature before lodging in smaller capillaries. An average of 17
clouds were observed per ACT®-treated brain and individual clouds
could be a result of one large ACT® bubble, a fusion of smaller ACT®
bubbles or several smaller ACT® bubbles generating overlapping
extravasation sites.

High magnification CLSM images of control brains revealed that
CCPM were observed both intra- and extravascular. In case of the
former, CCPM were most likely adsorbed to the brain endothelium via
non-specific binding since brains were perfused before being excised.
CCPM observed extravascular were only minimal displaced with respect
to the stained blood vessels. In these cases, extravascular CCPM were
expected to be located mainly in either endothelial cells or the peri-
vascular space. However, this nanoparticle-mediated transport would
result in inadequate drug delivery to the brain and thus not be of clinical
relevance [41]. High magnification CLSM images of ACT®-treated
brains showed that ACT® did not only increase the permeability of the
BBB enabling CCPM to extravasate, but also caused the CCPM to
displace from the capillaries and penetrate further into the brain pa-
renchyma. The mechanism of ultrasound and microbubble induced
penetration of nanoparticles into extracellular space is not fully under-
stood. For regular ultrasound contrast agents, microstreaming, acoustic
streaming and/or oscillating microbubbles affecting the perivascular
pumping effect induced by arterial pulsion are suggested to effect
penetration depth [42-44]. The polydisperse ACT® bubbles may create
heterogenous microstreaming patterns and perivascular pumping ef-
fects, and therefore may change the permeability of the BBB to different
degrees. After ACT®-induced changes in the BBB permeability, the
successful extravasation and penetration of CCPM into the brain pa-
renchyma can also be attributed to properties of the CCPM such as the
lack of protein corona after systemic administration resulting in a long
circulation half-life (16 h in rats) [32,45].

5. Conclusion
The results indicate that ACT® safely increased the permeability of

the BBB using acoustic pressures in the diagnostic range and improved
extravasation and penetration of co-administered compounds into the
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Fig. 8. Histological analysis of representative brains of animals euthanized 1 h (upper panel) and 24 h post ACT® (lower panel). (A,D) Post ACT® T1 FLASH MRI
image. White arrows indicate potential locations of haemorrhages. Scalebar is 4000 pm. (B,E) Tilescans of corresponding HES stained brain sections. White arrows
indicate areas with extravasation of erythrocytes. Scalebar is 2000 pm. (C,F) High magnification images of ROIs drawn in B and E, respectively, showing more clearly

the extravasation of erythrocytes. Scalebar is 200 pm.

brain parenchyma. Increased brain accumulation of the clinically rele-
vant and versatile CCPM upon ACT® is a promising strategy for treating
brain disorders such as neurodegenerative dementias and structural
pathologies such as malignant brain tumours.
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