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ARTICLE INFO ABSTRACT

Keywords: Liposomes are clinically used drug carriers designed to improve the delivery of drugs to specific tissues while
Focused ultrasound minimising systemic distribution. However, liposomes are unable to cross the blood-brain barrier (BBB) and
Liposomes

enter the brain, mostly due to their large size (ca. 100 nm). A noninvasive and localised method of delivering
liposomes across the BBB is to intravenously inject microbubbles and apply long pulses of ultrasound (pulse
length: >1 ms) to a targeted brain region. Recently, we have shown that applying rapid short pulses (RaSP)
(pulse length: 5 ps) can deliver drugs with an improved efficacy and safety profile. However, this was tested with
a relatively smaller 3-kDa molecule (dextran).

In this study, we examine whether RaSP can deliver liposomes to the murine brain in vivo. Fluorescent DiD-
PEGylated liposomes were synthesized and injected intravenously alongside microbubbles. The left hippocam-
pus of mice was then sonicated with either a RaSP sequence (5 ps at 1.25 kHz in groups of 10 ms at 0.5 Hz) or a
long pulse sequence (10 ms at 0.5 Hz), with each pulse having a 1-MHz centre frequency (0.35 and 0.53 MPa).
The delivery and distribution of the fluorescently-labelled liposomes were assessed by fluorescence imaging of
the brain sections. The safety profile of the sonicated brains was assessed by histological staining.

RaSP was shown to locally deliver liposomes across the BBB at 0.53 MPa with a more diffused and safer profile
compared to the long pulse ultrasound sequence. Cellular uptake of liposomes was observed in neurons and
microglia, while no uptake within astrocytes was observed in both RaSP and long pulse-treated brains. This study
shows that RaSP allows a targeted and safe delivery of liposomal drugs into the murine brain with potential to
deliver drugs into neuronal and glial targets.

Blood-brain barrier
Brain drug delivery
Microbubbles
Neurons

1. Introduction

Liposomes are the most commonly used carriers for drug delivery,
enabling drugs to accumulate at a target while minimising systemic
toxicity [1-4]. These drug delivery systems benefit — among other fea-
tures — from high drug loading capacities, theranostic capabilities, and
targeted release mechanisms (e.g. temperature sensitivity) [5,6]. Lipo-
somes accumulate within organs and cells of interest via passive or
active targeting mechanisms, and while most of the work to date has
been focused on oncology, they hold great potential for the delivery of

small molecule drugs for the treatment of neurodegenerative diseases
[7]. However, due to their large size (~100 nm), they are unable to
reach targets in the brain due to the presence of the blood-brain barrier
(BBB).

The BBB is a specialized physical, transport and metabolic barrier
that separates the cerebral vasculature from the parenchyma of the
brain. This barrier maintains brain homeostasis, facilitating numerous
functions such as ion and neurotransmitter regulation [8,9], and pro-
tects the brain by preventing neurotoxins and macromolecules from
entering [10]. However, the BBB also prevents the majority of

Abbreviations: BBB, Blood-brain barrier; RaSP, Rapid Short-Pulses; DPL, DiD-PEGylated Liposomes; NOD, Normalised optical density; COV, Coefficient of
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therapeutic molecules from entering the brain, including 98% of small
molecule drugs, thereby rendering them ineffective in the treatment of
brain diseases [11].

To overcome the BBB, both invasive and non-invasive approaches
have been investigated. Invasive approaches include the direct injection
of agents into the brain, but this can cause neurological damage,
infection, and bleeding [12]. Osmotic [13] and chemical disruption
methods [14] have also been tested, but they suffer from drawbacks
such as neurological damage and non-specific disruption [15], and have
failed in clinical trials [16]. Other approaches, involving the modifica-
tion of drugs to enable them across the BBB via endogenous transport
mechanisms, have also been tested [17,18]. However, achieving
therapeutically-relevant concentrations of these drugs in the brain re-
mains challenging [19-22]. To increase liposome delivery to targeted
regions, surface charge modifications and active molecular targeting
methods - such as the conjugation of targeting vectors to the liposome’s
surface — have been attempted with limited success [18].

A non-invasive and targeted approach to deliver therapeutic drugs to
the brain involves using focused ultrasound and microbubbles [23].
With this technique, microbubbles consisting of a lipid or protein shell
and a heavy gas core (diameter 1-10 pm) are injected into the blood-
stream along with the therapeutic agents of interest. Pulses of ultra-
sound are then applied to the targeted brain region, driving the
microbubbles to oscillate, which ultimately allows the delivery of drugs
across the BBB and into the brain [24,25]. In vivo studies have demon-
strated that liposomes can be delivered into the brain using this focused
ultrasound technique [26-40]. The cargo of these liposomes included
genes [31,34,35], chemotherapeutics drugs [27,28,32,33,38,39] and
imaging agents [29,33,36,37], with diameters ranging between 55 and
200 nm. The extent of liposome delivery has been shown to decrease as
the size of the liposomes increases [37], in agreement with the protec-
tive role of the BBB towards macromolecules. Once delivered into the
brain, these studies have shown heterogeneous spot-like patterns of
delivery, similar to those observed with other large compounds, such as
2000 kDa (54.4 nm) dextran [41] and magnetic resonance contrast
agents (1-65 nm) [42]. In terms of safety, adverse effects have been
observed in many of these studies in the form of intratumoural hae-
morrhage, scars with infiltrating macrophages, activated astrocytes and
damage to the  healthy tissue surrounding tumours
[26-29,33-36,38,39].

It is interesting to note that all these focused ultrasound-mediated
liposomal delivery studies evaluated to date have used long-pulse se-
quences (~10-20 ms) emitted in a slow sequence (< 5 Hz). In recent
years, a rapid short-pulse (RaSP) sequence has been developed and
tested for drugs up to 3 nm in diameter [43-45]. The RaSP sequence was
shown to improve the efficacy and safety of focused ultrasound-
mediated drug delivery when compared to long-pulse sequences. Im-
provements include a more homogeneous distribution of drugs, a
reduced duration of BBB permeability change (<20 min), and no tissue
damage [43]. In a RaSP sequence, short pulses (in the microsecond
range) are emitted at a high pulse repetition frequency in what we refer
to as a burst. Each burst is then emitted at a slow rate. This sequence
structure was intended to promote the spatial distribution of micro-
bubble activity throughout the vasculature and avoid overstressing
particular vessel regions [43-45]. The delivery of larger molecules such
as liposomes, however, has yet to be investigated with RaSP sequences.

In this study, we evaluated whether a RaSP sequence could allow
delivery of clinically-relevant PEGylated liposomes to the brain (i.e.
same size, surface physicochemical properties, and lipid bilayer
composition as Doxil/Caelyx), in comparison with a long-pulse
sequence. Both efficacy and safety aspects of liposomal delivery were
investigated, as well as exploring whether liposomal uptake was
occurring within neurons, microglia, and astrocytes.
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2. Materials and methods
2.1. Materials for liposome synthesis

For the synthesis of the liposomes, the following materials and in-
struments were used. Plain PEGylated liposomes (HSPC/Choline/
mPEG2000-DSPE-liposomes (50:45:5 mol/mol, 100 nm) (Doxebo) were
obtained from FormuMax Scientific Inc., USA as a translucent white
liquid in a clear glass vial. A long alkyl chain dialkylcarbocyanine
fluorescent dye DiD (DilCyg(5)) (1,1’-Dioctadecyl-3,3,3’,3'-Tetramethy-
lindodicarbocyanine, 4-Chlorobenzenesulfonate Salt) was obtained
from Invitrogen™ as a blue solid. Size exclusion chromatography (SEC)
was performed on a Superose 10/30 column (GE Healthcare Life Sci-
ences) run at 0.5 mL/min in PBS on a GE Purifier AKTA FPLC (Fast
Protein Liquid Chromatography). Centrifugal filtration was performed
using Merck Millipore Amicon™ Ultra 100 KDa Centrifugal Filter Units
in a high speed Hettich MIKRO 20 centrifuge. UV detection was per-
formed at 214 and 280 nm. The fluorescence measurements were per-
formed on Promega GLomax® discover system using the red excitation
source at a wavelength of 644 nm with emission detected at 660-720
nm.

2.2. Synthesis of fluorescent PEGylated liposomes (DPLs)

In our design we used a DiD fluorophore to fluorescently label the
PEGylated liposomes. To this end, DiD solid (2.5 mg, 2.3 pM) was dis-
solved in pure ethanol (1 mL) using sonication. The dye solution (3 pL)
obtained was added to a Doxebo dispersion (500 pL, 60 mM lipid con-
centration) yielding a final DiD concentration of 15 pg/mL in the DiD/
Doxebo dispersion. The DiD/Doxebo dispersion was incubated under
constant rotation for 2 h at 37 °C to give DiD-PEGylated liposomes
(DPLs). Free DiD solid and ethanol was removed from formed DiD-
PEGylated liposomes using a PD10 minitrap G-25 size exclusion col-
umn (GE healthcare) following the manufacturer’s gravity protocol.
DiD-PEGylated liposomes were further purified using a 100 kDa size
exclusion centrifugal filter at maximum speed. Any unattached dye that
precipitated during centrifugation was separated. Dynamic light scat-
tering (DLS) was used to study the hydrodynamic size, zeta potential and
polydispersity index of the DiD-PEGylated liposomes pre- and post-DiD
labelling. The incorporated dye concentration in the DPL sample was
assessed by measuring fluorescence of samples at excitation wavelength
of 644 nm and emission at 664 nm and compared with standard curves
for the free dye signal measured in ethanol.

2.3. Serum stability of fluorescent DiD-PEGylated liposomes (DPLs)

The stability of the DiD-PEGylated liposomes in the presence of blood
biomolecules was assessed to monitor dye leakage in vitro. The DiD-
PEGylated liposomes were incubated at 37 °C in human serum (n =
3). At 0, 3, 12, 18, 24 and 48 h, we obtained aliquots of the serum
incubated liposomes and passed them through size exclusion column of
the Fast protein liquid chromatography system. 1 mL fractions from the
size exclusion column were collected in PBS and UV signal was recorded.
DiD-PEGylated liposomes eluted as a single peak between fractions 8
and 11, and serum proteins eluted between 18 and 25 as shown by UV
signal (Fig. 2(C)). The fluorescence of all collected fractions was
measured, and stability of the dye-labelled liposomes (DiD-PEGylated
liposomes) was calculated as shown below:

LF
%dye labelled liposomes(stability) = { }*100

LF + SF

With LF being the liposome fractions FL signal and SF being the
serum protein fractions FL signal. FL is the fluorescence signal due to
DiD dye associated to respective molecules at excitation wavelength of
644 nm and emission at 664 nm.
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2.4. Animals and study design

Thirty-six female wild-type C57bl/6 mice (8-12 weeks old, 19.9 +
0.6 g; Envigo, Huntingdon, UK) were used in this study. The mice were
acclimatized for seven days prior to any procedure. All experimental
protocols were approved by the institutional animal facility committee
and the UK Home Office regulatory establishments.

Twenty-four mice were used to compare the dose and distribution of
liposomal delivery in brains treated with a RaSP or long-pulse sequence
at either a 0.35 or 0.53 MPa acoustic pressure with a 0 h or 2 h recovery
period from the end of the ultrasound sonication (n = 3). These pressures
were chosen in order to have a direct comparison to previous results
delivering 3 kDa dextran [43]. To assess brain tissue damage, in terms of
red blood cell extravasations, microvacuolations or dark neurons, an
additional twelve mice were sonicated with either RaSP or long pulses at
0.35 or 0.53 MPa with no recovery time following ultrasound treatment
(0 h). In all mice, the left hippocampus was treated with ultrasound
while the right hippocampus was used as a no-ultrasound control. Using
each animal as its own control helped reduce variabilities caused by
physiological differences between animals.

2.5. Ultrasound setup and experimental conditions

Mice were anaesthetised with 1.5-2.0% vaporised isoflurane (Zoetis
UK Limited, London, UK) mixed with oxygen (0.8 L/min) using an
anaesthesia vaporiser (Harvard Apparatus, Cambridge, UK). The fur was
first removed from the mouse’s head with an electric trimmer and de-
pilatory cream, and the head was then placed within a stereotaxic frame
(45° ear bars; World Precision Instruments, Hertfordshire, UK). After
applying ultrasound gel to the mouse head, a bath with a transparent
parafilm membrane base was filled with degassed water and pressed
onto the gel and mouse head. This helped visualise the sutures of the
skull for targeting purposes. An ultrasound transducer mounted with a
cone filled with distilled water and enclosed with an acoustically
transparent parafilm membrane, was lowered into the water bath
(Fig. 1A). For targeting purposes, a 1-mm-thick metal cross was placed
at the bottom of the water bath and in alignment with the lambdoid and
sagittal sutures of the skull [46]. To target the left hippocampus of the
brain, the transducer was positioned 3 mm laterally from the sagittal
suture, 0.5 mm anterior to the lambdoid suture and 3 mm inferior to the
skull (Fig. 1B) [43]. This brain region was chosen due to the low acoustic
attenuation of the parietal bone and its potential as a therapeutic target.
The hippocampus is the brain’s memory centre and is affected by Alz-
heimer’s disease. The opposite right hippocampus was used as a control
(no ultrasound treatment) in all experiments. For targeting, the ultra-
sound transducer was used in pulse-echo mode. In this mode, the
transducer was connected to a pulser-receiver (DPR300; Insidix, Seys-
sins, France) and moved by a 3D computer-controlled positioning sys-
tem (Velmex Inc., Bloomfield, NY, USA).

Once targeted, the single-element spherical-segment focused ultra-
sound transducer (centre frequency: 1 MHz, focal depth: 60.5 mm,
diameter: 90 mm; Sonic Concepts, Bothell, WA, USA) was used to emit
the therapeutic ultrasound pulses. These pulses were generated by one
or two function generators (33500B Series; Agilent Technologies, Santa
Clara, CA, USA) and passed through a 50-dB power amplifier (Precision
Acoustics Ltd., Dorchester, UK) before reaching the transducer. A single
function generator was used to emit the long-pulse sequence, while two
function generators, one for the pulse shape and the other for the pulse
sequence, were used to emit the RaSP sequence. Brains were exposed to
either a RaSP sequence (pulse length: 5 cycles, pulse repetition fre-
quency: 1.25 kHz, burst length: 10 ms, burst repetition frequency: 0.5
Hz) or a long-pulse sequence (pulse length: 10,000 cycles, pulse repe-
tition frequency: 0.5 Hz). For both sequences, peak-negative pressures of
0.35 and 0.53 MPayy neg and a total of 125 pulses were emitted. The
pressure amplitudes reported were measured with a needle hydrophone
(needle diameter: 0.2 mm, Precision Acoustics Ltd., Dorchester, Dorset,
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Fig. 1. Ultrasound experimental setup. (A) Ultrasound pulses were emitted
from the therapeutic transducer (1 MHz) driven by one or two function gen-
erators through a 50-dB amplifier and an impedance matching network. A 7.5-
MHz passive cavitation detector captured the acoustic emissions from the
microbubbles, which were filtered by a band pass filter, amplified by a 28-dB
pre-amplifier and recorded by a 14-bit oscilloscope. (B) Ultrasound was
focused through the intact scalp and skull onto the left hippocampus of the
mouse’s brain while the right hippocampus was used as a control (no ultra-
sound). (PC personal computer, dB values refer to the amount of
amplification).

UK) in a degassed water tank. All values were attenuated by 11.2 + 3.2%
to correct for the skull attenuation, which was measured experimentally
through the parietal bone of the mouse’s skull (n = 4) [43]. The axial,
lateral and elevational full width at half maximum pressures of the ul-
trasound beam were 20 mm, 2 mm and 1 mm respectively.

Acoustic emissions from the microbubbles were passively captured
during the ultrasound treatment using a passive cavitation detector
(PCD, centre frequency: 7.5 MHz, focal length: 76.2 mm; Olympus In-
dustrial, Essex, UK). This detector was coaxially aligned through the
rectangular central opening of the therapeutic transducer. The emissions
were filtered by a 3-30 MHz band-pass filter (Mini circuits, Brooklyn,
NY, USA), amplified by a 28 dB pre-amplifier (Stanford Research Sys-
tems, Sunnyvale, CA, USA) and then recorded by a 14-bit oscilloscope
(GaGe model Octave Express; 100 MS/s Dynamic Signals, Lockport, IL).
Time domain traces were displayed in real-time to determine whether
microbubble activity was occurring during the ultrasound treatment.
The acoustic emissions were processed in Matlab (Mathworks, Natick,
MA, USA) to evaluate the energy levels compared to those of control
pulses.

2.6. Liposomes (DPLs) and microbubble administration

Prior to the ultrasound sonication, the DiD-PEGylated liposomes
(DPLs) were injected intravenously into the bloodstream through a 30 G
catheter over a 30 s time-period (lipid concentration: 60.0 + 0.9 mM,
42.6 + 0.7 mg/mL; dye concentration: 2.1 £+ 0.5 pg/mL). Ten seconds
into the ultrasound sonication — allowing five control pulses to be
emitted — SonoVue® microbubbles (Bracco, Milan, Italy) were injected
through the same catheter over a 30 s time period (concentration: 5 pL/g
of body mass, vial concentration: 3 x 108/mL). The microbubbles were
activated following manufacturers’ instructions and used within 6 h
from activation.
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2.7. Histological staining

The mice were euthanised via transcardial perfusion, either imme-
diately or 2 h after the end of the ultrasound sonication, with 20 mL ice-
cold PBS with added heparin (20 units/mL) and 20 mL 10% formalin
(Sigma Aldrich, St Louis, MO, USA). The brains were extracted, fixed in
formalin overnight, followed by 30% sucrose overnight for cry-
oprotection. Once embedded in optimal cutting temperature compound
(OCT; Agar Scientific, Stansted, UK), the brains were sectioned into sixty
30 pm slices to cover the entire hippocampus using a cryostat (CryoStar
NX70; Thermo Fisher, Waltham, MA, USA).

Immunostaining was performed on the brain slices where cellular
uptake of the liposomes was observed to determine whether they were
being uptaken by neurons, microglia or astrocytes. Neurons were
stained using a primary recombinant anti-NeuN antibody (1:500 over-
night; Ab177487; Abcam, Cambridge, England) and a secondary goat
anti-rabbit IgG H&L Alexa Fluor® 488 antibody (1:500 for 2 h;
Ab150077; Abcam). Microglia were stained using a primary anti-Ibal
antibody (1:500 overnight; Ab5076; Abcam) and a secondary donkey
anti-goat IgG H&L Alexa Fluor® 488 antibody (1:500 for 2 h; Ab150129;
Abcam). Astrocytes were stained using a primary GFAP monoclonal
antibody (1:50 overnight; 13-0300; ThermoFisher) and a secondary
mouse anti-rat IgG2a FITC antibody (1:500 for 2 h; 11-4817-82; Ther-
moFisher). No statistical analysis was performed on our cellular uptake
data due to the limited number of brain slices with cellular uptake for
each type of cell staining.

To assess tissue damage, a set of twelve brains (treated with RaSP or
long pulses, at 0.35 or 0.53 MPa) were sent to IQPath laboratory at
University College London to be paraffin-embedded and sectioned into
6 pm thick slices. With 1.5 mm discarded from the dorsal side of the
brain, eleven levels with six sections each were cut, with 80 pm of tissue
discarded between levels. The first side of each level was stained with
H&E.

2.8. Microscopy and analysis

Images of the liposome delivery and the antibody staining were ac-
quired using fluorescence microscopy (10x; Zeiss Axio Observer;
Oberkochen, Germany) and confocal microscopy (20x; Zeiss LSM-510
inverted; Oberkochen, Germany). The DiD fluorophore, which was
incorporated in our liposome formulation to localise them fluorescently,
was excited at 640/30 nm and emissions were filtered at 690/50 nm. To
detect neurons, microglia and astrocytes, Alexa Fluor 488 and FITC-
labelled antibodies were used to stain the brain slices and they were
excited at 470/40 nm and emissions were filtered at 525/50 nm.

The amount of fluorescence detected was measured with the nor-
malised optical density (NOD) [47]: pixels with intensities higher than
the mean of the control region plus twice its standard deviation were
summed for both the control and targeted regions of interest. The sum of
the targeted region was subtracted by that of the control region to obtain
the NOD. The distribution of the probes was quantified with the coef-
ficient of variation (COV), defined as the standard deviation over the
average fluorescence intensity in the targeted region. This was calcu-
lated for six slices for each treated brain by selecting regions of interest
around the targeted left hippocampus using Matlab® (2016a, The
Mathworks, Natick, MA, USA). The COV calculation was only performed
on brains that displayed liposomal delivery.

To determine the number of spot-like areas of liposomal delivery, the
number of areas above 100 pmz was quantified (as shown in [29]).
Larger areas of delivery were expected if the liposomes diffused further
away from the blood vessels. Regions of interest were selected around all
spots of liposome delivery in six sections per brain. An automatic
threshold was applied equally to all images in ImageJ (dark triangle) to
only select regions of liposome delivery. The area of each region was
determined by using the automated ‘Analyse Particles’ tool in ImageJ
[48].
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Seven H&E-stained sections per brain were blindly assessed for tissue
damage with three histological measures evaluated: the number of sites
with more than five red blood cells extravasated, the number of
microvacuolations, and the number of dark neurons.

2.9. Statistical analysis

A one-way analysis of variance (ANOVA) test was conducted to
assess whether differences were present between the parameter sets in
the NOD, COV and areas above 100 pm? results. Post hoc Bonferroni
analysis was performed to estimate any significant differences in a
pairwise manner (P < 0.05). A Wilcoxon rank sum test was performed to
test whether difference between the H&E results were significant. All
analysis was carried out in Matlab R2019b.

3. Results

3.1. Synthesis and characterization of the fluorescent DiD-PEGylated
liposomes (DPLs)

The Doxebo liposomes (empty PEGylated liposomes) were labelled
with DiD (1,1’-Dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine, 4-
Chlorobenzenesulfonate Salt), a far-red fluorescent, lipophilic and
cationic indocarbocyanine dye used to stain phospholipid bilayers
(Fig. 2A) [49]. This labelling process showed negligible changes of the
hydrodynamic diameter (pre-DiD: 99.9 + 3.6 nm vs. post-DiD: 97.9 +
2.2 nm) and no effect on surface charge (Fig. 2B), compared to the
original Doxebo liposomes. The hydrodynamic size of the liposomes and
their polydispersity remained stable following labelling (Fig. 2B). Using
a fluorescence standard curve, we calculated that the DiD concentration
in the final DPL sample was 2.1 + 0.5 pg/mL.

It has been shown that lipoproteins in blood serum can cause fluo-
rescent dyes to leak from liposomes via lipids passively dissociating from
the bilayers of the liposomes [50]. To assess whether DiD was retained in
the liposomes in the presence of blood components, we incubated a
small amount of DPLs in vitro with a large excess of human serum at
37 °C for up to 48 h, and used size-exclusion chromatography to detect
dye leakage. Using this system, both DPLs and serum components were
efficiently separated, identified, and quantified via UV and fluorescence
measurements allowing us to determine the liposome and serum
protein-associated dye eluted at different timepoints (Fig. 2C). Co-
elution of the liposomes (as measured by UV) and the incorporated
dye (from fluoresce detection) over time under these conditions
demonstrate high stability of the dye within the liposomes for up to 48 h
(Fig. 2D).

3.2. Ultrasound-mediated liposomal delivery to the brain

To investigate whether focused ultrasound emitted in a rapid short-
pulse sequence (RaSP) could deliver these liposomes into the brain, we
sonicated the left hippocampus of mice with either a RaSP or a long-
pulse sequence while intravenously injecting microbubbles. Brains
were treated with one of two acoustic pressures (0.35 or 0.53 MPa) and
extracted either O or 2 h after the ultrasound treatment.

Liposome fluorescence was detected in brains treated with RaSP and
long-pulse sequences (Fig. 3). With RaSP, delivery was only observed in
brains treated with the higher acoustic pressure (0.53 MPa), while with
long pulses, delivery was observed at both pressures. However, with
long pulses at the lower 0.35 MPa pressure (0 h), delivery was only
detected in two thirds of the brains treated. As expected, no fluorescence
was detected in the control right hippocampi of all brains.

A higher fluorescence signal (greater liposomal delivery) was
detected with long pulses compared to RaSP and also at the higher
acoustic pressure compared to the lower one, which was confirmed by
calculating the normalised optical density (NOD; Fig. 4A). Interestingly,
a higher fluorescence was detected on average with RaSP at 0.53 MPa
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drophobic nature. (B) The hydrodynamic size distribution polydispersity index (PDI, measure of size distribution), and zeta potential of the PEGylated liposomes
show negligible changes (n = 4) before and after incorporation of the dye. (C) Size exclusion chromatograms show the stability of the DPLs (fluorescent liposomes)
post incubation in human serum and 37 °C for up to 48 h and confirm a high retention of the dye within the liposomes. Fractions 8-10 contained the liposomes and
fractions 12-25 contained the serum proteins. The high fluorescence signal in fractions 8-10 at both timepoints confirmed the retention of DiD in the liposomes up to
48 h. (D) Serum stability curve shows % dye associated with the liposomes post incubation in serum at time points 0, 3, 12, 18, 24, 48 h.

compared with long-pulse treatments at 0.35 MPa. The two-hour re-
covery time created a significant difference in the NOD only with long
pulses at 0.35 MPa (P < 0.05).

3.3. Liposome distribution

Liposomes were found to distribute heterogeneously within the tar-
geted area of all brains (Fig. 3), with sites of delivery mostly concen-
trated around blood vessels. The distribution was quantified using the
coefficient of variation (COV), which is defined as the standard devia-
tion over the average fluorescence intensity in the targeted region. The
COV showed that there was less variation in the distribution of the li-
posomes in RaSP-treated brains (Fig. 4B), indicating a more uniform
distribution in the delivery, which was found to be less densely
concentrated around the blood vessels.

To determine whether there were differences in the number and size
of regions with liposome delivery between the different parameters sets
tested, the number of areas above 100 pm? and their average size was
quantified. The number of areas was higher with long pulses compared
to RaSP and increasing the acoustic pressure led to an increase in the
number of delivery sites (Fig. 4C). Allowing 2 h for the liposomes to
extravasate into the brain and diffuse within the parenchyma only lead
to significant differences in distribution with long pulses at 0.35 MPa.
The average size of the areas above 100 pm? showed no significant
differences between brains (Fig. S1).

3.4. Subcellular localisation and cellular uptake

Within the targeted left hippocampus, the delivered liposomes were
distributed throughout the parenchyma and were also uptaken by cells
with both sequences. Confocal microscopy images showed that the
fluorescence signal was localised in the cytoplasm and was not found
within the nucleus (Fig. 5). The fluorescence within the cytoplasm was
heterogenous with a spot-like distribution.

Immunohistochemical staining was performed to determine which
brain cells were taking up the delivered liposomes. Uptake was
confirmed within neurons (Fig. 6A-B) and in microglia (Fig. 6C-D), while
no uptake was observed within astrocytes (Fig. 6E-F). In both neurons
and microglia, the degree of uptake was found to be higher in long-pulse
treated brains compared with RaSP-treated brains.
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3.5. Tissue damage

H&E staining was performed to assess whether any tissue damage
was caused by RaSP or long-pulse treatments at 0.35 and 0.53 MPa (0 h;
Fig. 7A-Z). No tissue damage was observed in RaSP-treated brains at
both pressures (Fig. 7A-C, G-I, M-0O, S-U, Y-Z), with the exception of a
single site of red blood cell extravasation in one brain at the higher
acoustic pressure (Fig. 70). On the other hand, with long-pulses, tissue
damage in the form of red blood cell extravasations, microvacuolations
and dark neurons was observed in all brains (Fig. 7D-F, J-L, P-R, V-X, Y-
7). These sites of damage were found to be larger at the higher 0.53 MPa
pressure.

4. Discussion

In this study we have shown that clinically-relevant PEGylated li-
posomes of approximately 100 nm in diameter can be delivered to the
brain when emitting rapid short-pulses (RaSP) of focused ultrasound.
Based on our H&E analysis, there was no detectable damage produced
by RaSP emissions. To the best of our knowledge, this is the first
demonstration of liposome delivery with short ultrasound pulses as
previous studies have used long-pulse sequences [26-39].

The DPLs synthesized for this study are constituted of two key
components chosen due to their favourable properties. The doxorubicin-
free PEGylated nano-liposomes (Doxebo) were chosen due to their
similarity to the clinically used liposomes, Doxil/Caelyx. The dye DiD
used for labelling Doxebo has a high fluorescence and photostability in
lipid environments and weak fluorescence in aqueous medium, allowing
us to detect only the encapsulated dye and not the free dye. DiD labelling
has been shown by others to be a robust method with very low leakage
from lipid bilayer membranes over long time periods, while maintaining
the physicochemical properties of the nanoparticles [50,51], and our
results are in agreement with these findings. Our data showing that DPLs
did not show any changes in their physicochemical properties after
labelling, and the high label retention make DPLs excellent candidates
for studying these drug-delivery vehicles in vivo.

To investigate whether DPLs could be delivered with RaSP within a
similar acoustic pressure range to previous long-pulse studies (Supple-
mentary Table 1), liposomal delivery was tested at 0.35 and 0.53 MPa.
With RaSP, a higher acoustic pressure (0.53 MPa) was required to
achieve delivery, indicating a higher-pressure threshold for liposomal
delivery compared to that required for long pulses. When comparing
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RaSP

Control

0.35 MPa

0.53 MPa

results at equivalent acoustic pressures, the fluorescence detected from
the delivered fluorescent liposomes was lower with RaSP compared to
long-pulse-treated brains (Figs. 3-4). These results were expected given
that 150 times less acoustic energy is deposited in the brain with RaSP.
We also hypothesise that the low-energy short pulses emitted in the
RaSP sequence will stimulate gentler microbubble oscillations, leading
to a lower extravasation of these large liposomal agents into the brain.

An increase in the pressure amplitude led to an increase in liposomal
delivery, both in terms of the overall detected fluorescence and the
number of delivery regions (Fig. 4). These results were also expected as
previous studies with long pulses have shown that higher pressures in-
crease the magnitude of the BBB permeability enhancement
[29,41,47,52,53], thereby increasing not only the delivery of liposomes

Long pulses
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Fig. 3. Liposomal delivery with rapid short-pulse
(RaSP) and long-pulse sequences at 0.35 and 0.53
MPa, at 0 h or 2 h after ultrasound treatment.
Fluorescence images (10x) show examples of lipo-
somes delivered with (A, C, E, G) RaSP and (B, D, F,
H) long-pulse sequences at (A-D) 0.35 MPa and (E-H)
0.53 MPa, at either (A-B, E-F) O h or (C-D, G-H) 2 h
after the ultrasound treatment. Right hippocampus
control regions are shown in white boxes in the bot-
tom right corner of each image. (A, C) No delivery
was observed at 0.35 MPa when brains were treated
with a RaSP sequence and in one third of the brains
treated with long pulses. (E-H) At 0.53 MPa, delivery
was observed in all brains. More spots of delivery
were observed in long-pulse compared to RaSP-
treated brains. The white scale bars indicate 50 pm.

[29], but also the delivery of high molecular weight dextran molecules
(70 and 2000 kDa) into the brain [41].

Differences in the extent of agent delivery have also been observed
previously depending on the amount of time these delivered agents are
given to extravasate and diffuse within the brain. Other groups have
investigated liposomal delivery at 0, 2 and 4 h after ultrasound exposure
[29,31,36]. Here, we explored liposomal delivery at 0 and 2-hour
timepoints and found that only with long pulses at 0.35 MPa, the
detected fluorescence and number of delivery spots was significantly
different between brains at the two timepoints (Fig. 4). These results
could be explained by the longer increase in BBB permeability found
with long pulses compared with RaSP [43], which would allow lipo-
somes to extravasate into the brain for longer periods of time. In the
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Fig. 4. Detected dose, distribution, and number of delivery sites with
rapid short-pulse (RaSP) and long-pulse sequences at 0.35 and 0.53 MPa,
and at 0 h or 2 h after ultrasound treatment. (A) The threshold for liposomal
delivery with RaSP was found to be between 0.35 and 0.53 MPa, quantified
with the normalised optical density (NOD). No delivery was detected in RaSP
brains at 0.35 MPa and only in one third of long-pulse brains at this lower
pressure. (B) A lower coefficient of variation (COV) was found in RaSP-treated
brains compared to in long-pulse-treated brains, indicating less variation and a
more homogeneous distribution. The COV was not quantified in brains where
no liposomal delivery was observed. (C) The number of areas above 100 um2
with liposome delivery was found to be higher in long-pulse compared to RaSP-
treated brains with the same acoustic pressure. Increasing the acoustic pressure
led to a higher number of delivery regions in both RaSP and long-pulse-treated
brains. Waiting 2 h post-sonication also led to an increase, but only in long-
pulse treated brains at 0.35 MPa. The areas were not quantified when no
liposomal delivery was observed. * = P < 0.05, ** = P < 0.01 and *** = P
< 0.001.
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other brains, the lack of significant differences when waiting 2 h could
be explained by the limited diffusion of these 100 nm liposomes through
the nearly 64 nm pores of the extracellular matrix [54].

The distribution pattern of the delivered liposomes was found to be
heterogenous with both sequences, characterised by distinct spots of
delivery with cloud-like peripheries (Fig. 3). This finding was consistent
with previous studies that have shown heterogenous patterns of lipo-
some delivery with long pulses [29,31,32,36]. This pattern suggests a
confined diffusion of the liposomes within the extracellular matrix
following their extravasation from the blood vessels into the brain. This
is likely due to the slow diffusion of these large agents through the width
of the extracellular matrix pores as mentioned above [54]. However,
liposomes are designed to carry much smaller drugs and imaging agents,
such as doxorubicin (~ 2 nm diameter [55]), which would be released
into the brain once the liposomes have crossed the BBB. Therefore, it is
these smaller agents that would be required to diffuse throughout the
brain parenchyma to reach target sites, rather than the liposomes
themselves. A more homogeneous distribution of the liposomes would
facilitate a more uniform spread of the loaded drug; however, it is yet to
be investigated whether this is essential. In RaSP-treated brains a slight —
though not significant — decrease was observed in the heterogeneity of
liposome delivery based on the COV quantification (Figs. 3-4). Quali-
tatively, a more uniform drop in the fluorescence intensity values from
the blood vessels was observed, which we hypothesise could be due to a
gentler enhancement in the BBB permeability with RaSP.

The delivered liposomes were not only found to distribute
throughout the targeted brain parenchyma but were also taken up by
cells. Knowing that this ultrasound delivery technique allows liposomes
to reach areas where brain cells are present is of interest, as liposomes
can be functionalised to bind to specific receptors expressed by brain
cells. We therefore investigated whether liposomes were reaching neu-
rons, microglia and astrocytes, which are important targets for thera-
peutic and neuroprotective drugs as well as imaging agents, and which,
in the case of the glial cells, could indicate a pathway of liposome
excretion.

Neuronal uptake of the liposomes was observed with both pulse se-
quences with higher uptake in long-pulse-treated brains, which we
hypothesise is due to the higher number of delivery sites (Fig. 4).
Without an ultrasound delivery system, liposome uptake in neurons has
previously been observed in vitro [56-59] and in vivo using invasive
delivery procedures [58-60]. With focused ultrasound, liposome uptake
within neurons can be achieved non-invasively. Within the neurons, li-
posomes were detected throughout the cytoplasm in a spot-like distri-
bution and not in the nucleus. This distribution has been previously
reported with both cationic and anionic liposomes [57-59] and it sug-
gests that the liposomes are being taken up within lipid-rich compart-
ments in the cytoplasm, such as endosomes or lysosomes. Future
staining for these lipid compartments could provide insight into the
pathway of uptake and excretion of these liposomes from neurons.

Liposome uptake was also observed within microglia, which repre-
sent the primary defence system of the brain. Previous studies without
ultrasound have shown that targeted and untargeted liposomes can be
uptaken by microglia, with varying results depending on the liposomal
composition [61-63]. In our experiments, uptake was only observed at
the higher pressure (0.53 MPa) and 2 h after the ultrasound treatment,
with higher uptake in long-pulse treated brains compared with RaSP. We
hypothesise that these results are due to the higher number of liposome
delivery sites at the higher pressure and when using the long pulses
compared with the RaSP. In addition, the more disruptive microbubble
activity induced by the long pulses and higher pressures could be elic-
iting more phagocytic activity in the microglia compared to the RaSP
treatment, leading to liposome uptake in microglia as a method of
excretion from the brain. The fact that microglial uptake is only
observed at the two-hour timepoint is not surprising given that micro-
glial response often requires time to manifest [64,65]. This could also be
due to the slow extravasation of these liposomes into brain regions



S.V. Morse et al.

Journal of Controlled Release 341 (2022) 605-615

Fig. 5. Subcellular localisation of liposomes. (A-B) Two representative confocal images (20x) showing details of the subcellular localisation of the liposomes
(white) within ultrasound-targeted regions of long-pulse treated brains at 0.53 MPa two hours after the ultrasound treatment. Fluorescence was observed within the
cells, specifically in the cytoplasm and not in the nucleus (darker circular centre within the cells). The scale bars indicate 50 pm.

RaSP

Microglia Neurons

Astrocytes

where the microglia are located, as well as the properties of the lipo-
somes themselves, in terms of size and biocompatibility for immune
response recognition. Future work will focus on determining quantita-
tively whether the microglia uptaking the liposomes are in an activated
state, in order to gain a better understanding of the microglial response
to this type of treatment.

No liposome uptake was observed in astrocytes with both pulse se-
quences. Previous studies have only shown astrocyte uptake when the
liposomes were targeted to these cells and in vitro [66-68]. The BBB is
thought to be the main reason why targeted liposomes have failed to
reach astrocytes in experiments. Future work should investigate
whether uptake in astrocytes occurs at later time points since astrocytes

Long pulses
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Fig. 6. Cellular uptake of liposomes within neu-
rons and microglia but not in astrocytes in RaSP
and long-pulse treated brains. Fluorescence images
(10x) show whether liposomes (red) were taken up
by (A-B) neurons (NeuN, green), (C-D) microglia
(Ibal, green) and (E-F) astrocytes (GFAP, green). (A-
B) Uptake within neurons was observed with both
sequences in all brains, though higher uptake was
seen in long-pulse treated brains. (C-D) Uptake
within microglia was only observed at 0.53 MPa 2 h
after the ultrasound treatment with both RaSP and
long-pulses, with higher uptake in long-pulse treated
brains. (E-F) No liposome uptake was observed in
astrocytes in all brains. White arrows highlight ex-
amples of liposome uptake within neurons and
microglia. The scale bars indicate 50 pm. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

have been shown to react later than microglia [69,70]. In addition,
staining could determine whether any of the astrocytes have become
reactive.

With RaSP, an improved safety profile was observed at both the
lower and higher pressures (0.35 and 0.53 MPa) compared to brains
treated with long pulses. Indeed, no damage was observed in any of the
brains with RaSP, except for a single site of red blood cell extravasation
at the higher pressure. On the other hand, our long-pulse results reflect
findings from other studies [29,35,36,52,53], with larger sites of tissue
damage at the higher pressure thought to be caused by higher magni-
tudes of cavitation. A safer and gentler sonication would be preferred to
avoid unnecessary disruption of any healthy tissue, for example, at
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Fig. 7. Tissue damage assessment in RaSP and long-pulse treated brains at 0 h. (A-I, M-U) H&E staining showed no tissue damage in all RaSP-treated brains at
both pressures (0.35 and 0.53 MPa) except for a (O) single small site of red blood cell extravasation at the higher pressure. (D-L, P-X) Histological damage was
observed at multiple sites within the ultrasound targeted area in all brains treated with long pulses: red blood cell extravasation (arrows), microvacuolations (as-
terisks) and dark neurons. The black boxes show enlarged regions displayed on the right-hand side of each image. The scale bars indicate 50 pm.

tumour margins or in tissue we would like to repair (e.g, Alzheimer’s
disease). Future work will investigate safety at later time points.

Although a higher pressure was required to achieve liposome de-
livery with the RaSP sequence, an improved safety profile was obtained
as well as a higher delivery efficacy compared with long pulses at the
lower pressure. In addition, there is scope to optimise this RaSP
sequence further for the delivery of these 100 nm liposomes as the pa-
rameters used to date are those with which we have shown the efficient
and safe delivery of 3 kDa dextran [43].

Future work will focus on investigating whether therapeutically
relevant concentrations of drugs carried by these liposomes can be
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reached in the brain with RaSP. We will explore the efficacy of liposomal
drug release in tumour environments, establishing how differences in
permeability, interstitial pressure and vasculature heterogeneity affect
drug delivery patterns compared to healthy brain tissue [71,72]. In
addition, the effect of ultrasound and microbubbles on possible
increased drug release will be studied in vitro. Previous work has shown
that ultrasound can trigger drug release from liposomes, however, most
of these studies used either thermally sensitive liposomes in combina-
tion with high intensity focused ultrasound or injected liposomes
attached to the microbubbles to encourage their release during the
microbubble oscillations [73-75].
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Based on our results, we believe that the selection of RaSP vs. long
pulses for drug delivery will depend on various factors including the size
and circulation time of the drug being delivered, and the targeted dis-
ease. If the drug has long circulation times, such as the PEGylated li-
posomes used here, long pulses that induce BBB opening for long periods
of time seem logical and may be beneficial to improve the delivered
dose, but at the expense of an increasing safety risk due to the length of
time the BBB remains open. This risk, however, needs to be balanced
with the aggressiveness of the disease, its stage, and its location; for
example, when treating an aggressive late-stage brain tumour. RaSP
sequences, on the other hand, result in shorter BBB opening times (<20
min) and lower tissue damage that may be applicable to both short and
long circulating drugs. Example applications may include when the
targeted disease requires repeated deliveries, when the targeted region
of diseased tissue is in close proximity to healthy tissue (e.g neurode-
generative diseases) or at the margins of less aggressive or early-stage
brain tumours.

5. Conclusions

In this study, we have shown that rapid short ultrasound pulses
(RaSP) enable the delivery of 100 nm PEGylated liposomes into the
brain. The RaSP sequence at both acoustic pressures provided a safer
delivery while achieving higher delivery efficacy compared to the long
pulse treatments at the lower pressure. A higher acoustic pressure was
required to deliver liposomes across the BBB with RaSP. Using micro-
scopy methods, we assessed the liposomal uptake at the cellular level.
Liposomes were taken up by neurons to a lower degree with RaSP than
with long pulses, and were localised in the cytoplasm. Varying micro-
glial uptake was observed with different sequences while no astrocyte
uptake was detected. Lower glial cell involvement was observed in RaSP
compared to long-pulse-treated brains. This improved safety profile and
efficacy shows the ability of the RaSP sequence to deliver large mole-
cules to the brain without causing damage and can be harnessed to
deliver 100 nm nanoparticles to treat CNS diseases. The study of lipo-
somal uptake at the neuronal level should improve our ability to deliver
drugs to cellular therapeutic targets in the brain.
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