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Abstract

Abstract

The combined use of ultrasound and intravascular microbubbles, referred to as
ultrasound and microbubble treatment, has emerged as a promising technique to
enhance delivery of nanomedicine to tumours and the brain. Even though the
technique is on its way to the clinic, there are still various aspects to study and
optimize to make ultrasound and microbubble treatment even more successful.

In this thesis we first investigated if ultrasound and microbubble treatment
combined with nanoparticles exhibiting features to increase internalization by
tumour cells upon ultrasound-mediated delivery would improve the therapeutic
efficacy of the treatment. This was studied by combining ultrasound and
microbubble treatment with liposomes coated with an enzymatic cleavable
poly(ethylene) glycol (PEG) layer which upon cleaving may increase
internalization of the liposomes by tumour cells and may destabilize the liposomal
membrane resulting in accelerated drug release. For the enzyme sensitive
liposome and the two types of control liposomes, ultrasound and microbubble
treatment resulted in enhanced tumour accumulation, improved extravasation
and increased tumour penetration depth of the liposomes. The therapeutic
efficacy data indicated that the enzymatic feature of the liposome had a positive
effect on the therapeutic efficacy, making it an interesting approach to increase
the therapeutic efficacy of ultrasound and microbubble treatment.

Besides improving drug delivery to tumours, ultrasound and microbubble
treatment can also be exploited to increase the permeability of the blood-brain
barrier (BBB) by opening of tight junctions, creating endothelial cell openings and
stimulating endo- and/or trans-cytosis. To exploit the different ultrasound
induced transport pathways to the fullest, a high concentration of drug at the site
of BBB disruption is favourable. By combining ultrasound and microbubble
treatment with a liposome targeting the transferrin receptor on the BBB, it was
investigated if this would enhance delivery of liposomes across the BBB compared
to liposomes lacking the BBB-targeting moiety. The combined use resulted in a
40 % increase in accumulation of the BBB targeted liposomes whereas the control
liposomes showed no increased accumulation. The results demonstrated that
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ultrasound and microbubble treatment may enhance endocytosis of the BBB-
targeting liposomes which could be an interesting approach to enhance drug
delivery to the brain.

The potential of Acoustic Cluster Therapy® (ACT), a microbubble platform
specifically engineered for therapeutic applications, to increase the permeability
of the BBB and enhance delivery of hanomedicine to the brain was also explored.
Directly upon ACT, increased BBB permeability was observed and one hour post
ACT a 5.2-fold and 3.7-fold increase in accumulation of a model drug and clinically
relevant core-crosslinked polymeric micelles (CCPM) was detected, respectively.
Confocal microscopy images of the ACT-treated brains verified the improved
extravasation and penetration of the CCPM into the brain parenchyma.
Histological analysis of brain sections revealed no treatment related tissue
damage. With this study we demonstrated that ACT safely and transiently
increases the permeability of the BBB and improves accumulation and distribution
of nanomedicine to the brain.

ACT is expected to work by a different mechanism compared to conventionally
used microbubbles such as SonoVue™. An intravital microscopy set-up to unravel
the mechanism of action of ACT in the brain was therefore established with help
of experienced collaborators. The surgical and technical procedures required to
conduct in vivo multiphoton imaging simultaneously with ultrasound and
microbubble treatment were described in detail.

To summarize, the work presented in this thesis has increased our understanding
on how ultrasound and microbubble treatment can be used to improve delivery
of nanomedicine to tumours and the brain. Even though there is still a lot to learn,
the increasing number of (pre)clinical studies demonstrates that ultrasound and
microbubble treatment could impact medicine by enhancing drug delivery and
thereby improving and enabling treatment of various cancer types and several
brain diseases.
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Chapter 1 - Background

This thesis revolves around the combined use of ultrasound and microbubbles,
referred to as ultrasound and microbubble treatment, to improve delivery of drug
loaded nanoparticles to tumours and the brain. Section 1.1 will discuss the use
of nanoparticles as drug delivery vehicles followed by a brief description of the
targeting strategies that can be employed to improve drug accumulation in
tumours. In section 1.2 the biological barriers which prevent efficient delivery of
drug and drug carriers to tumours are discussed, and strategies to overcome
these barriers are presented. This is followed up by section 1.3 describing the
blood-brain barrier (BBB), the main barrier which prevents drug delivery to the
brain. Besides the anatomy of the BBB, the different transport pathways that may
be used for drug delivery are briefly discussed, followed by a paragraph on
approaches that have been studied to overcome the BBB. Lastly, section 1.4
describes how ultrasound and microbubbles can be used to enhance drug delivery
to tumours and the brain. The mechanisms are not fully elucidated yet but the
currently known induced biophysical effects will be discussed. In addition, an
overview of clinical trials employing ultrasound and microbubble treatment for
enhanced drug delivery is given.
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1.1 Nanomedicine

Nanotechnology used for medical purposes such as diagnosing, monitoring,
prevention and treatment of diseases is referred to as nanomedicine [10]. This
section will mainly discuss the use of nano-sized drug carriers (e.i. nanoparticles)
as drug delivery vehicles since the other applications of nanomedicine are not part

of the scope of this thesis.
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Figure 1. Schematic overview describing the multifunctionality and versatility of
nanoparticles. Besides different shapes and sizes, nanoparticles can be composed of
different materials and their surface can be decorated and modified. Different types of
payloads can be incorporated in the nanoparticle. Figure is inspired by [8] and created with

BioRender.
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1.1.1 Nanoparticles as drug delivery vehicles

One of the most studied application of nanomedicine is using nanoparticles as
drug delivery vehicles, especially for cancer treatment [11-13]. Various
nanoparticle-based drug delivery systems have been developed, including
polymeric, liposomal and inorganic nanoparticles [11, 14, 15]. A range of different
sizes of nanoparticles can be established and by modifying the surface of
nanoparticles, further tailoring is possible. Depending on their application, various
molecules such as fluorescent dyes, drugs or targeting ligands can be
incorporated. An illustration of the multivalence of nanoparticles is shown in
Figure 1. Nanoparticles offer several advantages over the use of free drug. Due
to their size and shape, nanoparticles have a high drug loading capacity which
allows loading of several types and even combinations of drug molecules [11,
14]. Especially poorly soluble drugs can benefit from the encapsulation in
nanoparticles. In addition, nanoparticles are able to exploit the tumour specific
enhanced permeability and re (EPR) effect. The latter will be explained in more
detail in the next section. Furthermore, encapsulating drugs in nanoparticles will
result in a prolonged circulation time due to their larger size opposed to free drug
molecules, and may reduce toxicity [15].

1.1.2 Targeting strategies

To improve accumulation and retention of drug loaded nanoparticles in tumour
tissue, various tumour targeting strategies can be employed. The different
strategies are illustrated in Figure 2 and will be briefly discussed in this section.

Passive targeting

Due to uncontrolled growth of tumours, tumour endothelial cells are poorly
aligned, resulting in large fenestrations through which drug molecules and
nanoparticles can leak out and enter the tumour interstitial space. Combined with
a defective lymphatic system which reduces clearance, this results in retention of
the extravasated agents. This phenomenon is referred to as the enhanced
permeability and retention (EPR) effect and is a specific feature of tumour tissue
and therefore a popular tumour targeting strategy [16-18]. By exploiting the EPR-
effect, drug molecules and nanoparticles can passively accumulate in tumour
tissue.
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Figure 2. Schematic illustration of the different tumour targeting strategies that can be
employed to enhance drug delivery to tumour tissue. Passive targeting is based on the
extravasation and accumulation of nanoparticles by the EPR-effect. Active targeting
comprises the use of nanoparticles with targeting capabilities towards tumour endothelial
cells or cancerous cells. Triggered targeting is based on the use of stimuli-responsive drug
carriers or external stimuli to increase accumulation of the drug carrier at the targeted site.
Figure created with BioRender.

Active targeting

Active targeting can be achieved by decorating nanoparticles with ligands which
bind to receptors expressed on the cell plasma membrane of target cells [19].
Receptors which are solely expressed or overexpressed on the surface of the
target cell are of particular interest. In general, the target cells are either tumour
endothelial cells or cancerous cells. Targeting tumour endothelial cells may be
most efficient since contact between nanoparticles and endothelial cells will be
more frequently achieved. Active targeting of cancerous cells still relies on passive
accumulation of the nanoparticles by the EPR-effect. Although the active targeting
approach may seem to be a promising strategy to increase drug carrier
accumulation in tumours, it is questioned whether the active targeting approach
is actually leading to increased accumulation. Instead, the observed improved
therapeutic efficacy for active targeting drug delivery systems is mainly assigned
to increased internalization rates of the targeting nanoparticles by tumour cells
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[20-23]. The lack of drug carrier accumulation may be caused by binding of
extravasated drug carriers to the first layer of cancerous cells they encounter
which may impede further extravasation and penetration of the drug carriers [21,
24]. Optimizing the binding affinity of the targeting ligand to the receptor of
interest may therefore be necessary to enable deeper tumour penetration.

Triggered targeting

Drug delivery to tumour tissue can be improved by using stimuli-responsive drug
carriers. Several stimuli-responsive drug carriers have been developed with
sensitivity towards, for example, enzymes, pH-changes, temperature, light and
ultrasound [25]. When stimuli-responsive drug carriers are exposed to a specific
stimulus, they will be triggered to locally release their drugs. Another way of
triggered targeting is by using external forces such as a magnetic field or
ultrasound to improve accumulation of the drug carrier at the target site [26-29].
Especially the combined use of ultrasound and intravascular microbubbles has
shown to greatly increase the accumulation, distribution and therapeutic efficacy
of drug and drug carriers in tumours and the brain [29-32]. How this can be
achieved will be extensively discussed in section 1.4 Therapeutic ultrasound.
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1.2 Drug delivery to tumours

Upon intravenous administration, nanomedicine will face several biological
barriers before reaching and treating their target, the tumour cell. The three main
biological barriers that nanoparticles have to overcome are 1) the blood barrier,
2) the tumour tissue barrier and 3) the cellular barrier [33-35]. Each of these
barriers vary highly between different types of cancer and will affect the overall
therapeutic effect. Understanding these barriers and how they affect nanoparticle
delivery is necessary when designing new nanoparticle-based drug delivery
systems and cancer therapies. In this section the different challenging aspects of
the three aforementioned barriers will be discussed and current methods of
overcoming these barriers will be given.

Phagocytosis

R

Blood vessel

Nanoparticles

@
A

Opsonins

<
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Figure 3. Graphical illustration of opsonization followed by phagocytosis of the nanoparticle
by a macrophage. Upon intravenous injection, opsonins bind to the nanoparticles
(opsonization) resulting in recognition by phagocytes such as macrophages. These
macrophages will phagocytose the nanoparticles thereby removing them from the blood
stream. Figure created with BioRender.

1.2.1 The blood barrier

Opsonization and clearance

Once introduced to the bloodstream, plasma proteins (e.i. opsonins) will attach
to the surface of nanoparticles forming a protein corona. This process is referred
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to as opsonization. The formed protein corona will trigger phagocytes such as
macrophages, to internalize the nanoparticles and clear them from the
bloodstream before they can become effective [33, 35]. A graphical illustration of
opsonization followed by phagocytosis can be found in Figure 3. Minimizing
opsonization will result in a prolonged circulation time which is beneficial for the
therapeutic efficacy of the nanoparticles. The most common way to achieve this
is by coating nanoparticles with the hydrophilic polymer poly(ethylene glycol)
(PEG) [36-38]. The hydrophilic outer layer of PEGylated nanoparticles prevents
binding of plasma proteins, thereby reducing recognition and internalization of
the nanoparticles by phagocytes. Along with reduced opsonization, PEGylation of
nanoparticles may also result in other beneficial effects such as less nanoparticle
aggregation and a charge shielding effect of the NP [39, 40].

Circulation time

Besides opsonization, also the charge, size and shape of the NP will influence the
circulation time and in vivo fate, and hence their potential therapeutic efficacy.
Neutral nanoparticles (£ 10 mV) exhibit a reduced rate of opsonization thereby
prolonging their circulation time opposed to highly charged nanoparticles [39, 41-
43]. Small nanoparticles (<5 nm) are quickly filtered out by kidneys while larger
nanoparticles (>200 nm) mainly accumulate in the spleen and liver [39, 41, 43].
Traditionally, spherical nanoparticles are used for drug delivery purposes,
however, due to advances in the nano manufacturing techniques, nanoparticles
with different shapes and forms can now be developed in a controlled manner as
well [44]. Although there is still a lot unknown about the in vivo behaviour of
these non-spherical nanoparticles, they may exhibit several advantages over
spherical nanoparticles. For example, whereas spherical nanoparticles tend to
follow the laminar blood flow, non-spherical nanoparticles are more susceptible
to flow forces and therefore tend to drift towards the vessel wall [45-47].
Additionally, non-spherical nanoparticles have a larger surface area opposed to
spherical nanoparticles, resulting in a greater tendency to interact with the blood
vessel wall and extravasate [33, 48-50]. It has also been demonstrated that using
non-spherical shaped nanoparticles can reduce phagocytosis by macrophages,
resulting in a prolonged circulation time compared to similar sized spherical
nanoparticles [43, 51].




Chapter 1 - Background | 1.2 Drug delivery to tumours

X

Normal tissue

Interstitial fluid pressure

Legend
e otteial ol / . - | Tumour associated
@ Endothelial ce / ymphatic vesse macrophage

Healthy cell \ Defectivg Cancer associated
lymphatic vessel fibroblast
Extracellular matrix
Tumour cell () Dru9load.6d
components nanoparticle

Figure 4. Graphical illustration of the tumour tissue barrier. Upon arriving at the tumour
site, the intravenously administrated nanoparticles will encounter a poorly functional
tumour vasculature with an abnormal architecture. Due to the EPR effect, nanoparticles
will be able to passively accumulate in the tumour tissue. However, extravasated
nanoparticles will encounter a tumour interstitium with high interstitial fluid pressure and
dense extracellular matrix which hampers tumour penetration of the nanoparticles. In
addition, upon extravasation, nanoparticles face the chance of being internalized by
tumour associated macrophages and cancer associated fibroblasts. Figure created with

BioRender.
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1.2.2 Tumour tissue barrier

The enhanced permeability and retention effect

Upon arriving at the tumour site, the systemically administered nanoparticles will
encounter a poorly functional vasculature (Figure 4). As already briefly described
in section 1.1.2 Targeting strategies, the tumour vasculature is leaky due to
poorly aligned endothelial cells resulting in large fenestrations. Drug and drug
carriers that exploit the leakiness of the tumour vasculature and extravasate into
the tumour will retain due to a defective lymphatic system which reduces
clearance. This tumour specific phenomenon is referred to as the enhanced
permeability and retention (EPR) effect and is an interesting target for tumour
specific therapy strategies [16-18, 52, 53]. Even though the EPR effect is the
main paradigm in cancer nanomedicine, the clinical relevance of the EPR-effect
has been questioned, mainly due to the limited clinical success of nanomedicine.
The high variability both spatial and temporal of the EPR-effect within a tumour
but also between tumours is challenging [54]. In addition, our current
understanding on the EPR-effect and the ability of nanoparticles to passively
accumulate in tumours by exploiting the EPR-effect is mainly based on small
animal tumour models which differ from clinical tumours in several key aspects
(e.g. onset, vasculature, microenvironment) [54, 55]. These differences may
make the EPR-effect more pronounced in small animal tumour models opposed
to human tumours. To understand the reason of the limited clinical success of
nanomedicine, more knowledge on the EPR-effect in human tumours is required.

Whereas transport through inter-endothelial gaps was assumed to be the main
transport way of drug and drug carriers into the tumour, a trans-endothelial
transport pathway has been suggested in the past as well, but evidence was
sparse [56]. However, recent research has demonstrated that the major part of
intravenously injected nanoparticles entered the tumour interstitium by active
transport through the endothelial cells [57]. Further research is needed, but these
findings indicate that we should reassess our current perspective and knowledge
on transport pathways of nanoparticles into tumours.

Abnormal vasculature architecture

In addition to leakiness, the tumour vasculature exhibits an abnormal
architecture, consists of dead ends, is unusual branched and has an uneven
distribution of blood vessels, which is more clearly illustrated in Figure 4 [33-35,
58]. These features create a highly heterogeneous vascular network [59, 60],
resulting in high vascular resistance and different levels of perfusion within the
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tumour thereby limiting the penetration and an even distribution of drugs and
nanoparticles throughout the tumour [33, 61].

High interstitial fluid pressure

Upon accumulating in the tumour interstitium, drug molecules and nanoparticles
have to be transported through the tumour extracellular matrix (ECM) to get to
the tumour cell. Low molecular weight therapeutic agents are mainly transported
by diffusion whereas larger therapeutic agents, such as nanoparticles, are mainly
transported by convection. However, due to the poorly functioning vasculature
combined with a defective lymphatic system and dense ECM, the interstitial fluid
pressure (IFP) in solid tumours is high [62]. This limits convective transport and
thus hinders nanoparticles from penetrating the tumour ECM, leaving diffusion or
active transport as the main transport mechanism within the tumour ECM [63-
65].

Extracellular matrix

Penetration of nanoparticles is further limited by the dense tumour ECM. The ECM
is a highly dynamic three-dimensional non-cellular meshwork comprised of
components such as collagen, elastin, glycosaminoglycan, proteoglycans and
others, which determine the structure that surrounds cells and helps to regulate
many important cellular processes [66]. The high tumour cell density, increased
volume density of extracellular matrix components, gel-like appearance of the
interstitial fluid and observed small pore sizes will hinder penetration of
nanoparticles within the tumour [67, 68]. These tumour specific features of the
extracellular matrix are more clearly illustrated in Figure 4.

Stromal cells

The ECM also houses several types of stromal cells including cancer-associated
fibroblasts (CAFs) and tumour-associated macrophages (TAMs). Both are known
to play an important role in the proliferation and metastasis of cancer cells and
distribution of nanoparticles in tumour tissue [69, 70]. CAFs have been found to
promote tumour growth, angiogenesis and tumour metastasis and do so by
remodelling the ECM and secreting cytokines. In certain cancer types, CAFs have
also been observed to express receptors similar to receptors expressed by tumour
cells, resulting in internalization of nanoparticles by CAFs [69, 71]. TAMs are
found throughout the tumour and greatly impact the level of accumulation of
nanoparticles by phagocytosing extravasated nanoparticles. Although TAMs only
account for a small number of the cells in the tumour, it has been observed that
TAMs internalize a significant part of the extravasated nanoparticles compared to
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tumour cells [70, 72, 73]. Besides phagocytosis of nanoparticles, TAMs also
promote angiogenesis, tumour metastasis and immunosuppression by secreting
cytokines [74].

Strategies to overcome tumour tissue barrier

The tumour tissue barrier can be partly overcome by selecting a suitable NP
design or by remodelling or disruption of the tumour microenvironment. As
discussed in section 1.2.2 Tumour tissue barrier, the nanoparticle size, shape,
charge and composition affect the fate of the nanoparticles in overcoming the
tumour tissue barrier. Different NP characteristics are favourable to overcome the
different barriers discussed in this section. Whereas larger nanoparticles are
favourable due to their prolonged circulation time, penetration will be limited by
the high IFP and dense ECM. Smaller nanoparticles will be able to penetrate
deeper into the tumour tissue, however, due to their smaller size, they will carry
less payload and will be faster cleared from the circulation. A similar issue applies
to the effect of the surface charge on tumour penetration. Neutral nanoparticles
have a prolonged circulation time opposed to highly charged nanoparticles and
are known to accumulate and penetrate tumour tissue well but have shown only
low levels of internalization by tumour cells [75]. Whereas positively charged cells
are easily internalized by tumour cells, they have a short circulation time and
show poor tumour accumulation and penetration characteristics due to
electrostatically interactions with components of the ECM [76]. Developing
nanoparticles that are capable of changing size and/or charge at the different
stages of delivery could therefore be favourable. This can for example be achieved
by designing nanoparticles sensitive to changes in pH, enzymes or light [25, 77,
78].

Remodelling or disruption of the tumour microenvironment often focuses on
either the tumour vasculature or the tumour ECM. Firstly, physical approaches
such as ultrasound with and without microbubbles, radiation and near-infrared
laser irradiation can improve vascular permeability, damage the vasculature or
disrupt the tumour ECM thereby facilitating penetration of nanoparticles in tumour
tissue [79]. Secondly, enzymes, such as collagenase and hyaluronidase, can be
used prior to nanoparticle treatment to degrade the tumour ECM thereby
improving nanoparticle penetration into the tumour tissue [80-83]. Lastly,
chemical agents such as cyclopamine and losartan can be utilized to deplete
components of the tumour ECM, reduce IFP and thus improve nanoparticle
penetration in the tumour [84, 85].
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1.2.3 Cellular barrier

Crossing the plasma membrane

Once nanoparticles succeed in overcoming the blood and tissue barrier, they
should preferably enter the cell to release the drug into the cytoplasm. The first
barrier they face is the plasma membrane. Small hydrophilic molecules will be
able to diffuse easily through the membrane while nanoparticles have to enter
the cell mainly through endocytosis.

Endocytosis of nanoparticles by tumour cells can happen through different
pathways such as macropinocytosis, caveolae-mediated endocytosis, clathrin-
mediated endocytosis or clathrin- and caveolae-independent endocytosis [3, 4].
A graphical illustration of these pathways can be found in Figure 5. NP properties
such as size, shape, surface decoration and charge, play an important role in the
type of endocytic pathway exploited and intracellular trafficking that follows [3].
Since many receptors on the plasma membrane of tumour cells are
overexpressed, targeting these receptors can be an interesting approach to
enhance endocytosis of nanoparticles.

Size, shape and surface decoration of the nanoparticles will determine the
potential contact area, corresponding binding interaction between the
nanoparticle and the plasma membrane, and the rate of internalization [3, 43,
86]. The latter is also highly affected by the surface charge of the nanoparticles
[87]. Cell membranes are slightly negatively charged such that positively charged
nanoparticles often achieve a higher internalization efficiency [87]. However,
positively charged nanoparticles are cleared fast from the blood stream [88].
Designing nanoparticles which based on cues in the tumour microenvironment
can transform from negatively charged to positively charged nanoparticles, could
enhance internalization [33].

Drugs that work inside the nucleus must overcome the cell nuclear barrier in
addition. Small drug molecules (less than 70 kDa) and small nanoparticles (less
than 10 nm) can passively diffuse through the pores in the nuclear membrane.
Access to the DNA can also be achieved during mitosis when the nuclear envelope
has degraded.

Endosomes, lysosomes and nuclear delivery

As illustrated in Figure 5, upon internalization, nanoparticles are transported
intracellularly in endocytic vesicles which fuse with an early endosome. Some
nanoparticles entrapped in early endosomes will be expelled from the cell via
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recycling endosomes, however, most early endosomes mature into late
endosomes and fuse with lysosomes. These vesicles are highly acidic and contain
various enzymes which can degrade nanoparticles and the drug it was carrying
[3, 4]. Thus, nanoparticles need to achieve endosomal or lysosomal escape, to
release their payload into the cytoplasm such that the drugs can become effective.
Several types of nanoparticles capable of doing this have been designed [5].
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Figure 5. Graphical illustration of the endocytic pathways and intracellular trafficking that
follows. In most cases, the drug loaded nanoparticles will end up in lysosomes and get
degraded. Drug delivery to the cytosol can be achieved by endosomal escape. Free drug
molecules in the cytosol face being secreted by the drug efflux pumps. Intracellular
components such as the endoplasmic reticulum, Golgi apparatus, etc are for simplification
reasons excluded from this illustration. Figure is inspired by [3-5] and created with
BioRender.

Drug efflux pumps

Drugs in the cytoplasm face the chance of being inactivated or expelled from the
cell due to multidrug resistance (MDR) mechanisms [89]. The most common
mechanism exploited is pumping intracellular drugs out of the cell by ATP binding
cassette (ABC) transporters. These transporters are often overexpressed on the
cell membrane of tumour cells and brain capillary endothelial cells (BCECs) and
result in reduced levels of intracellular drugs thereby affecting the therapeutic
efficacy [89]. The P-glycoprotein (P-gp) transporter is one of the common
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overexpressed ABC transporters and has the ability to pump hydrophobic
chemotherapeutic agents out of the cell [90, 91]. Using nanoparticles which
degrade and release their drugs extracellularly could therefore be unfavourable.
However, intact nanoparticles are capable of circumventing the P-gp transporters.
Another way to enhance intracellular drug concentrations and thus improve the
treatment effect is by using MDR inhibitors.
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1.3 Drug delivery to the brain

The blood-brain barrier (BBB) strictly controls the transport of substances into
the brain thereby maintaining brain homeostasis and protecting the brain from
harmful compounds [92, 93]. This, however, also results in limited access of most
drugs thereby preventing efficient treatment of many brain diseases such as brain
cancer, Alzheimer’s disease and others [92, 93]. Understanding the structure and
function of the BBB and transport mechanisms across the BBB will be useful when
designing new nanoparticle-based drug delivery systems and delivery strategies.

1.3.1 The blood-brain barrier

The BBB roughly consists of endothelial cells, pericytes, astrocyte end feet,
immune cells and the basement membrane, and is graphically illustrated in
Figure 6 [92, 94]. Brain capillaries are aligned with endothelial cells which are
strongly bound together by tight junctions sealing the paracellular cleft and
restricting paracellular transport [92, 94]. Tight junctions consist of
transmembrane proteins such as claudins, occludins, junction adhesion molecules
(JAM), and are connected to the cytoskeleton through intracellular adaptor
proteins such as zonula occludens (ZO) and others [92, 94]. Besides the brain
specific tight junctions, brain capillary endothelial cells (BCECs) are also tightly
bound together by adherens junctions, an ubiquitous junctional complex in
vasculature [95]. BCECs are morphologically and functionally different from other
endothelial cells. They express higher levels of ABC transporters, contain higher
number of mitochondria and show lower levels of leukocyte adhesion molecules
[96]. The endothelial cell layer is supported by pericytes which are located at the
abluminal side and are embedded in the basement membrane. Pericytes are
capable of regulating blood flow by modulating capillary diameter and are
important for maintaining BBB integrity [97]. Besides other functions, pericytes
also aid angiogenesis and have been observed to have phagocytic capabilities
[98, 99]. The basement membrane in which the pericytes are embedded provides
mechanical stability to the vessel and a scaffold for cellular components of the
BBB thereby also regulating intercellular communication by acting as a physical
barrier [94, 96]. Astrocytes can be found in the brain parenchyma and are in
direct contact with the basement membrane by their endfeet. They provide a link
between the vasculature and neuronal circuit. Additionally, astrocytes are mainly
known for their role in maintaining the BBB microenvironment by monitoring
electrochemical activity, innate immune regulation and control levels of
parenchymal water and metabolites [92, 94, 96].
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Figure 6. Graphical illustration of the blood-brain barrier (BBB). The BBB roughly consists
of brain capillary endothelial cells, pericytes, astrocyte end feet, immune cells and the
basement membrane. The brain capillary endothelial cells are strongly bound together by
tight junctions thereby sealing the paracellular cleft and restricting paracellular transport.
Perivascular macrophages and microglia are the two primary types of immune cells present
in the BBB. Figure created with BioRender.
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Perivascular macrophages and microglia are the two primary types of immune
cells present in the BBB. Both have the ability to phagocytose cellular debris,
pathogens and waste products thereby mediating immune response and
maintaining the BBB integrity [96, 100]. Both immune cells are active players in
several brain disorders and will affect accumulation and distribution of drug and
drug carriers in brain tissue [96].
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Figure 7. Graphical illustration of the different transport pathways across the blood-brain
barrier. Figure is inspired by [6] and created with BioRender.

1.3.2 Transport pathways across the blood-brain barrier

Compounds can enter the brain parenchyma by para- or transcellular transport.
Since paracellular transport is highly limited due to tight junctions sealing the
inter-endothelial cleft, transport across the BBB is mainly restricted to
transcellular pathways. Several transcellular pathways for drug delivery purposes
can be exploited at the BBB and these are illustrated in Figure 7.

Gases (e.g. oxygen, carbon dioxide) and small lipophilic molecules (< 400 Da)
can cross the BBB by transcellular diffusion [6, 93]. Transport proteins facilitate
the transport across the BBB of larger molecules such as glucose (carrier-
mediated transcytosis). A variety of macromolecules such as transferrin and
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insulin binds to receptors on the BBB, following receptor-mediated endocytosis
and release of the compound at the abluminal side [93, 101-104]. Cationic
molecules (e.g. polymers, albumin) may interact with the negatively charged cell
membrane and endocytosed through adsorptive endocytosis [102, 105].

Whereas the aforementioned transport mechanisms can be utilized for drug
delivery across the BBB, drugs face the risk of getting expelled back into the
lumen by drug efflux pumps which are overly expressed on the plasma membrane
of BCECs opposed to regular endothelial cells [90, 106, 107].

1.3.3 Approaches to overcome the blood-brain barrier

Both non-invasive and invasive approaches to circumvent the BBB have been
investigated for the last decades. Different designs of drugs, drug carriers and
nanoparticles able to exploit the discussed transport mechanisms, have been
developed. Unfortunately, due to the restrictive nature of the BBB, low delivery
efficiencies are often obtained such that high intravenous doses are required to
achieve relevant therapeutic concentrations at the target site often resulting in
adverse systemic effects [93, 108]. The permeability of the BBB can temporarily
be increased by using disruptive agents such as hyperosmotic solutions,
vasodilators or chemical agents [109, 110]. However, these agents offer poor
spatial control over the site of increased permeability. Additionally, many of the
chemical agents used are toxic and may cause neuronal damage [109, 111].
Delivery of drugs through the nasal epithelium has been explored as well but
showed low delivery efficiency [112-114]. Intracerebral or intraventricular
injections were used for direct delivery of therapeutic agents to the target region,
but these are highly invasive and thus unfavourable [115]. A more promising and
non-invasive approach is the use of focused ultrasound in combination with
intravascular microbubbles [116]. With this approach, reversible, temporal and
local disruption of the BBB can be achieved which has demonstrated to facilitate
delivery of chemotherapeutics, antibodies, nanocarriers and stem cells across the
BBB [32, 111, 117-124].
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1.4 Therapeutic ultrasound

Medical ultrasound is one of the most common and widely used imaging
modalities in medicine. Besides diagnostic purposes such as visualizing internal
organs, ultrasound can be used for therapeutic purposes such as disintegrating
kidney stones, ablating tumours and enhancing drug delivery [125]. How these
effects can be achieved will be explained in this section while focusing mainly on
ultrasound-mediated drug delivery.

1.4.1 Ultrasound-induced effects

Ultrasound waves consist of alternating pressure deviations causing areas of
compression (high pressure) and expansion (low pressure) of molecules in tissue
[126]. When propagating through tissue, ultrasound waves will transfer energy
to the tissue as thermal and mechanical energy. This can cause hyperthermia,
produce radiation force or generate cavitation [125, 127]. Each of these
ultrasound-induced effects can be used for therapeutic purposes.

Therapeutic ultrasound is often described by its frequency, negative peak
pressure, pulse duration, pulse repetition frequency (PRF), duty cycle and total
treatment time [126, 127]. The definition of these parameters is illustrated in
Figure 8.

Hyperthermia

Sound waves will be absorbed by tissue whereby the rate of absorption is in
general frequency dependent. Absorption of the acoustic energy can generate
heat which may result in a local temperature increase when it exceeds the rate
of heat dissipation. By focusing the ultrasound beam on a precisely defined area
in the target tissue and locally heat the tissue, tissue damage can be induced.
This non-invasive therapeutic ultrasound technique is referred to as high intensity
focused ultrasound (HIFU) and is currently used to, for example, ablate tumours
and treat Parkinsonian tremor [125, 128, 129]. Small temperature increases can
also be induced by HIFU which have shown to have several biophysical effects
(e.g. increased blood flow, enhanced vascular permeability, etc.) which may
improve accumulation and distribution of therapeutic agents in tumours [130-
136]. Local ultrasound-induced heating can also be combined with
thermosensitive drug carriers yielding local drug release [137].
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Figure 8. Graphical illustration of pulsed ultrasound waves often used for therapeutic
purposes. The sinus describes areas of high pressure (peaks) and low pressure (valleys).
Definitions of relevant parameters and corresponding equations are mentioned. Figure is
inspired by [7] and created with BioRender.

Acoustic radiation force

The loss of acoustic energy due to absorption and scattering of ultrasound waves
corresponds to a loss of momentum of the soundwave, which is transferred to
the tissue [28, 131, 138, 139]. This will generate a force in the direction of the
ultrasound wave which can be strong enough to cause tissue displacement,
acoustic streaming, shear stresses, push microbubbles (MBs) and nanoparticles
towards the blood vessel wall and improve NP penetration in tumour tissue [131,
135, 138].

Cavitation

The formation, growth and collapse of bubbles induced by ultrasound waves is
referred to as cavitation [28]. Formation of bubbles can occur when the local
pressure drops until the vapor pressure of the medium is reached, and a bubble
is formed. Bubbles can also be introduced to the system in the form of ultrasound
contrast agents. In the presence of an ultrasound field, microbubbles will expand
at low pressure and contract at high pressures, which is referred to as oscillations.
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At low acoustic pressure amplitudes, these oscillations will be symmetric and
linear. Increasing the acoustic pressure amplitudes will result in non-linear
behaviour of the microbubble which shows itself as more expansion than
compression of the microbubble. Oscillations of microbubbles will result in
microstreaming patterns with properties proportional to the oscillation amplitude.
Even higher acoustic pressure amplitudes will force microbubbles to oscillate until
they collapse. Acoustic pressure amplitudes insufficient to cause collapse of
microbubbles is referred to as stable or non-inertial cavitation whereas
microbubble oscillations resulting in collapse is referred to inertial cavitation
(Figure 9) [136, 140, 141]. In case of the latter, the collapsing microbubbles will
generate broad band acoustic emission and can cause shock waves and microjets
when close to a rigid boundary [131, 136, 141, 142]. The thresholds at which
the different type of microbubble oscillations appear depend on type of
microbubble (e.g. initial size, shell type, composition) and environmental
conditions [131, 139, 141].

Stable cavitation

w+©Qo©©©o

Inertial cavitation

Acoustic pressure

Figure 9. Graphical illustration of cavitation behaviour of microbubbles in the presence of
an ultrasound field. Figure inspired by [1, 9] and created with BioRender.
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1.4.2 Microbubbles

Currently, conventional ultrasound contrast agents are used for pre-clinical and
experimental clinical ultrasound and microbubble treatments. The microbubbles
differ in type of shell (e.g. lipid, protein, polymeric, etc.) or gas core (e.g.
perfluorocarbon, nitrogen, etc.) and have a size within a range of 1-10 um which
allows them to smoothly flow through the vasculature [136]. Each of these
attributes will impact the oscillation behaviour of the microbubble and thus its
therapeutic potential.

The currently used microbubbles are primarily designed and optimized for
diagnostic purposes. These microbubbles flow, due to their small size, freely
through the vasculature and achieve only limited contact with the vessel wall,
making them less optimal for therapeutic applications. To overcome their short
comings, new microbubble platforms specifically engineered for therapeutic
purposes are developed with the aim to improve the efficiency of ultrasound-
mediated drug delivery.

1.4.3 Enhanced drug delivery by ultrasound and microbubble

treatment

Several preclinical studies have demonstrated the potential of ultrasound and
microbubble treatment to improve drug delivery to tumours and the brain [29-
32]. The mechanisms behind ultrasound-mediated drug delivery are still not fully
elucidated, but various biophysical effects induced by ultrasound and microbubble
treatment have been identified and will be briefly discussed in the following
section.

Sonoporation

The formation of transient pores in the cell membrane by oscillating microbubbles
is referred to as sonoporation [1, 143, 144]. Sonoporation modifies the
permeability of the cell plasma membrane such that it facilitates intracellular
delivery of drugs and nanoparticles [144, 145]. Oscillating microbubbles can
induce pores in the endothelial cell membrane in various ways (Figure 10A).
Stable oscillating microbubbles can push and pull (Figure 10A-i) on the cell
membrane during the expansion and contraction phase, respectively. In addition,
oscillating microbubbles will induce streaming of fluid (microstreaming, Figure
10A-ii) around the microbubble, thereby exerting shear stresses on the cell
membrane which can result in rupture of the cell membrane. Acoustic radiation
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force may push oscillating microbubbles to and even through the cell membrane
to enter cell, thereby rupturing the membrane (Figure 10A-iii). Higher acoustic
intensities may result in more inertial cavitation, causing microbubbles to
collapse. If this happens in the vicinity of the cell membrane, collapsing
microbubbles may produce jet streams towards the cell plasma membrane
thereby creating pores (Figure 10A-iv). Collapsing of a microbubble not in close
proximity of an endothelial cell can still cause shear stresses such that the cell
membrane ruptures (Figure 10A-v). Besides these mechanical forces, other
phenomena such as the generation of reactive oxygen species (ROS) may also
play an important role in transiently increasing the permeability of cell
membranes [146-148].
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Figure 10. Graphical illustration of a selection of the currently known biophysical effects
induced by ultrasound and microbubble treatment. (A) Oscillating microbubbles may induce
pores in the cell plasma membrane in various ways (sonoporation), but also (B) open
intercellular junctions. Furthermore, it has been demonstrated that cavitating microbubbles
stimulate (C) cytosis and may impact the (D) perfusion in tissue. Figure inspired by [1, 2]
and created with BioRender.
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Opening of intercellular junctions

Oscillating and collapsing microbubbles will exert biomechanical forces on the
endothelial cell which will be enough to open the intercellular junctions between
endothelial cells (Figure 10B). This is particularly of interest in case of drug
delivery across the BBB since the BBB consists of endothelial cells linked together
by tight junctions. Several researchers have reported on the opening of these
tight junctions upon ultrasound and microbubble treatments [149, 150].

Cytosis

Cytosis refers to the transport mechanisms into and out of the cell and comprises
endocytosis, exocytosis and transcytosis. Increased incidence of endocytosis,
transcytosis and exocytosis upon ultrasound and microbubble treatment has been
observed (Figure 10C) [1, 150-156]. In addition, it has been demonstrated that
upon ultrasound and microbubble treatment, the expression of ABC transporters
such as the P-gp transporter was down-regulated in brain endothelial cells,
implying reduced exocytosis of internalized drugs [157, 158]. Even though
evidence of stimulated cytosis is restricted to in vitro experiments, it is believed
that stimulated endocytosis, transcytosis and/or exocytosis following ultrasound
and microbubble treatment occurs in vivo as well [1, 151].

Perfusion

Cavitating microbubbles may induce more macroscopical changes to tissue such
as altering the perfusion (Figure 10D). Depending on the type of ultrasound
exposure applied and timepoint of observation, a reduction or increase in
perfusion have been observed upon ultrasound and microbubble treatments. This
may be achieved by changes in blood flow, opening of collapsed blood vessels,
vasoconstriction and vascular shutdown. These effects have been observed in
both tumours and the brain following ultrasound and microbubble treatment
[159-163].

Other ultrasound and microbubble induced responses

Inflammatory response

A slightly understudied ultrasound and microbubble induced effect is an
inflammatory response in the tumour. The induced micro cell damages and/or
micro haemorrhages are likely to stimulate immune cells thereby inducing an
immune response. Other immune cells such as neutrophils and macrophages will
be recruited to the site of inflammation and will remove cell debris and facilitate
cell and tissue recovery processes. This could potentially result in a modest anti-
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tumour immune response which also has been observed during HIFU treatments
[164, 165]. Recruitment of immune cells such as macrophages to the tumour site
could also have consequences for drugs and drug carriers since there will be an
increased chance of being phagocytosed.

Cell death

Oscillating microbubbles have been observed to induce cell death (apoptosis) by
forming large membrane disruptions resulting in complete lysis of the cell [144].
Additionally, creating of pores in the cell membrane may result in influx of Ca®*
ions which can trigger apoptosis. Cells can undergo the same fate if exposed to
free radicals and reactive oxygen species generated by oscillating microbubbles
[166, 167].

1.4.4 Ultrasound and microbubble treatment in the clinic

In several preclinical studies, ultrasound and microbubble treatments have shown
their great potential in improving drug delivery to tumours and across the BBB,
often resulting in increased therapeutic efficacy [29-32]. The promising preclinical
results in various tumour and disease models have resulted in the initiation of
several clinical studies.

One example is the first in man trial performed by Dimcevski et al. in which
SonoVue™ microbubbles in combination with the chemotherapeutic agent
gemcitabine resulted in extended survival and no additional toxic side effects in
patients suffering from pancreatic cancer [168]. Similar studies are initiated to
improve ultrasound-enhanced drug delivery in patients suffering of pancreatic
ductal adenocarcinoma (NCT0416441), breast cancer (NCT03385200) and liver
metastasis originating from primary breast, colon or pancreatic cancer
(NCT03477019, NCT03458975, NCT04021277).

Besides improving drug delivery to tumours, microbubbles and ultrasound have
also shown to improve the therapeutic sensitivity of tumour cells to ionizing
radiation treatment [169]. Several clinical studies have therefore been initiated
to study the enhanced ultrasound induced radiation treatment effect in patients
suffering of breast cancers, head and neck cancer, and liver cancer
(NCT04431674, NCT04431648, NCT03199274).

Additionally, several clinical trials focusing on improved drug delivery across the
BBB have been initiated. The largest part of these studies is focusing on patients
suffering of brain cancer (NCT04528680, NCT04440358, NCT04417088,
NCT04063514). However, ultrasound-induced BBB disruption is also studied in
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Alzheimer’s patients. Besides assessing the safety and feasibility of ultrasound-
induced BBB disruption, the effect on amyloid protein levels in the treated brain

areas and cognitive function of Alzheimer’s patients is studied (NCT04118764,
NCT03119961).
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Chapter 2 — Nanoparticles and microbubble

platforms employed

In the work presented in this thesis, several nanoparticle-based drug delivery
platforms and microbubble platforms have been used and combined to improve
drug delivery to either tumour tissue or the brain. A brief description of the three
main nanoparticles studied and the motivation behind using them is given in
section 2.1. In section 2.2 the two types of microbubble platforms used to
achieve improved drug delivery are briefly discussed.

2.1 Nanoparticles

A graphical illustration of the three nanoparticle-based drug delivery systems
used in this thesis is shown in Figure 11. Details on the liposomes used as
controls and how to fabricate the different nanoparticle-based drug delivery
systems can be found in the corresponding papers.

2.1.1 Enzyme sensitive liposomes

Liposomes are the most common and studied nanosized drug carrier and already
found their way to the clinic. These spherical vesicles consist of one or more lipid
bilayers which enclose an aqueous core. Liposomes have the unique ability to
entrap both hydrophilic and hydrophobic molecules. The former can be dissolved
in the core of the liposomes while the latter can be incorporated in the lipid bilayer
itself. Liposomes offer several other advantages over other nanoparticle-based
drug delivery systems such as biocompatibility, biodegradability, versatility,
stability and ability to carry a large payload [170]. These properties have made

liposomes popular drug carriers.
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In Paper I, we employed enzyme sensitive liposomes, more specifically, matrix
metalloproteinase (MMP) sensitive liposomes, and delivered these to the tumour
site by ultrasound and microbubble treatment [171]. Many of the nanoparticles
developed these days are coated with polyethylene glycol (PEG) which shields
nanoparticles from the immune system and thereby extends their circulation half-
life significantly [36]. Even though this is a beneficial feature, the PEG coat affects
the nanoparticle-cell interactions and is known to reduce internalization and thus
therapeutic efficacy of nanoparticles [77, 172, 173]. To improve therapeutic
outcome, the enzyme sensitive liposomes used in Paper I were coated with PEG-
polymers containing a cleavable lipopeptide. After ultrasound-mediated delivery
to the interstitial space of the tumour, the PEG-layer will be cleaved by two
members of the enzyme MMP family (MMP-2 and MMP-9) which are
overexpressed in several cancer types [174]. Cleaving of the PEG-layer is
expected to improve interaction between cells and drug-loaded nanoparticles, and
to accelerate drug release. It was therefore hypothesized that this combination
would enhance therapeutic efficacy of the MMP-sensitive liposomes opposed to

its non-MMP sensitive version.
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Figure 11. Graphical illustrations of the (i) enzyme sensitive liposome, (ii) transferrin
receptor-targeting liposome and (iii) core-crosslinked polymeric micelles. Depending on the
study conducted, the nanoparticles were labelled with fluorophores and/or loaded with
drugs. Figure created with BioRender.

2.1.2 Transferrin receptor-targeting liposomes

In Paper II we again used a liposomal-based drug nanocarrier but this time the
liposomes were decorated with a ligand targeting the transferrin receptor on the
plasma membrane of brain capillary endothelial cells (BCECs). The BCECs are part
of the blood-brain barrier (BBB) which tightly regulates transport across the BBB
and thereby impedes the access of most drugs. Many drug delivery systems try
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to employ transport mechanisms already present on the BBB, such as receptor
mediated endocytosis, to get drugs across the BBB. Of the receptors on the BBB,
the transferrin receptor has received special interest since its expression is
restricted to only the brain capillary endothelial cells compared to other
endothelial cells. In Paper II we used liposomes targeting this receptor in
combination with disruption of the BBB by focused ultrasound and microbubbles.
The latter has shown to transiently and safely increase the permeability of the
BBB thereby also enhancing endocytosis. By using a transferrin receptor-
targeting liposome combined with ultrasound-induced permeability of the BBB it
was hypothesised that this combined approach could improve delivery across the
BBB.

2.1.3 Core-crosslinked polymeric micelles

Core-crosslinked polymeric micelles (CCPM) have emerged as a promising
nanoparticle-based drug delivery platform. The CCPM used in Paper III were
kindly provided by Cristal Therapeutics (Maastricht, The Netherlands) and consist
of highly tuneable polymers and biodegradable drug linkers. The therapeutic
agent of interest can be easily incorporated, generating a wide range of possible
applications [175, 176]. In several preclinical studies [73, 177, 178], the CCPM
have shown great tumour accumulation and therapeutic potential which has also
resulted in the initiation of a phase II clinical trial (CPC634). Even though the
CCPM show great accumulation behaviour and therapeutic efficacy in tumours,
delivery across the BBB is dissatisfying due to the BBB impeding access of almost
all substances. In Paper III we therefore combined the use of CCPM with
ultrasound-induced increase of the BBB permeability, which could improve
delivery of the CCPM across the BBB thereby generating a new range of
therapeutic applications of these clinically promising tuneable drug nanocarriers.




Chapter 2 — Nanoparticles and microbubble platforms employed

2.2 Microbubble platforms

Two different microbubble platforms for drug delivery have been employed in the
work presented in this thesis and will be briefly discussed in the following section.

2.2.1 SonoVue™ microbubbles

SonoVue™ microbubbles (Bracco Imaging, Italy) have a lipid shell and contain
the gas sulphur hexafluoride (SFs). The mean bubble diameter is 2.5 pm and
upon systemic administration, the microbubbles have a circulation half-life time
of 1-2 minutes. The bubble concentration of SonoVue™ is within the range 100-
500 million microbubbles per ml [179]. In the studies presented in Paper I-II
and IV, administration volumes in rodents were typically between 25 and 100 pl.
The cavitation behaviour of SonoVue™ microbubbles is well characterized and
these microbubbles have also shown their therapeutic potential in both preclinical
and clinical studies [30, 168, 180, 181].

2.2.2 Acoustic Cluster Therapy®

Acoustic Cluster Therapy® (ACT) is an example of a novel microbubble platform
specifically engineered for drug delivery applications [182]. The ACT formulation
consists of clusters formed by negatively charged lipid-shelled microbubbles
(Sonazoid™) which contain the gas perfluorobutane (Cs4F10) and positively
charged microdroplets consisting perfluoromethylcyclopentane (CsF12) stabilised
with a lipid membrane. The suspension contains approximately 1.2x108 of these
clusters which have a median diameter of approximately 5 pm [182].

A graphical illustration of the ACT concept is shown in Figure 12. Upon
intravenous co-injection with the therapeutic agent, a population of the clusters
are activated within the target pathology by high frequency ultrasound (2.0-3.0
MHz) at relatively low intensity (MI of 0.2-0.4). The oscillating microbubble part
of the ACT-clusters will induce vaporization of the microdroplet, resulting in a
large microbubble (20-30 pum) which will transiently lodge in the
microvasculature. Applying a second insonation step with low frequency (0.5
MHz) and low intensity (<0.2 MI) will induce controlled volume oscillation of the
large ACT bubble, thereby exerting biomechanical forces on the capillary wall and
enhancing drug delivery locally. Due to their large size, ACT bubbles will cover a
large area within the blood vessel, have closer contact with the endothelium and
stay for prolonged time (5-10 minutes) [182]. Due to these attributes, it is
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hypothesized that ACT applies a higher magnitude of biomechanical work on the
capillary wall opposed to conventionally used microbubbles.

Several pre-clinical studies in different cancer models have demonstrated the
improved therapeutic efficacy when combining ACT with chemotherapeutic
agents [183-186]. The promising pre-clinical results have resulted in the
initialization of the first in man study to evaluate the efficacy of ACT (phase I
ACTIVATE study, NCT04021277). However, the use of the ACT principle to
improve delivery to the brain is understudied, but could, in case of positive results,
generate new therapeutic applications. The potential of ACT to increase the
permeability of the BBB and enhance delivery of clinically relevant nanoparticles
was therefore studied in Paper III.

@ Co-injected drug

2. Enhancement

=
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Figure 12. Graphical illustration of the ACT concept. ACT clusters are formed by mixing
microbubbles (pm) with microdroplets (ud). Upon intravenous injection, the target site is
first exposed to high frequency ultrasound which induces vaporization of the microdroplet,
creating a large ACT-bubble which will lodge in the vasculature. Thereafter, low frequency
ultrasound is applied which lets the microbubble oscillate facilitating delivery of the co-
injected drug into the tumour tissue or across the BBB. Figure created with BioRender.
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The overall aim of the work presented in this thesis was to study the effect of
different types of nanoparticles and microbubble platforms on nanoparticle
delivery to tumours and the brain. In addition, an intravital microscopy set-up to

perform ultrasound and microbubble treatment in the brain simultaneously with

multiphoton microscopy has been established and described.

Besides obtaining knowledge which will contribute to the general understanding
of enhanced drug delivery upon ultrasound and microbubble treatment, the
following more specific aims can be defined:

To know whether liposomes with enzymatic cleavable poly(ethylene)
glycol layer combined with ultrasound and microbubble treatment
improve tumour accumulation, microdistribution and therapeutic efficacy
of the liposomes.

To determine the effect of different acoustic pressures on the delivery of
liposomes to tumour tissue.

To know whether targeting of liposomes to the blood-brain barrier
combined with ultrasound and microbubble treatment improves delivery
of the liposomes across the blood-brain barrier.

To exploit the novel microbubble platform Acoustic Cluster Therapy® to
increase the permeability of the blood-brain barrier and enhance delivery
of the clinically promising tuneable core-crosslinked polymeric micelles to
the brain.

To establish an intravital microscopy set-up which facilitates performing
ultrasound and microbubble treatments in the brain simultaneously with
multiphoton microscopy.
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This thesis comprises four papers and ultrasound and microbubble treatment
plays an important role in each of them. In Paper I, focused ultrasound and
microbubbles were used to improve the delivery and therapeutic efficacy of
enzyme sensitive liposomes in a prostate cancer xenograft model. In Paper II,
focused ultrasound and microbubble treatment was employed to increase the
permeability of the blood-brain barrier (BBB) and improve delivery of transferrin
receptor targeting liposomes. In Paper III a novel microbubble drug delivery
platform was used to increase the permeability of the blood-brain barrier and
facilitate delivery of a clinically staged nanoparticle. Lastly, Paper IV describes
an intravital microscopy procedure which makes it possible to perform
multiphoton microscopy imaging simultaneously with ultrasound and microbubble
treatment in the murine brain.

Paper 1

To improve the therapeutic efficacy of nanoparticle-based drug delivery systems,
it is essential to improve their accumulation and penetration in tumour tissue,
enhance cellular uptake and ensure efficient drug release at the tumour site.
Commonly used nanoparticles are often coated with poly(ethylene) glycol (PEG)
to shield them from the immune system. This may extend their circulation half-
life time significantly compared to non-PEGylated nanoparticles and small drug
molecules, which may increase accumulation at the tumour site. Additionally, the
PEG-layer prevents aggregation of the nanoparticles and may have a charge
shielding effect. The latter may improve penetration through the extracellular
matrix due to reduced electrostatic interactions with extracellular components.
However, the presence of PEG on the surface of nanoparticles is known to affect
nanoparticle-cell interaction, resulting in reduced cellular uptake and thereby
potentially reducing their therapeutic potential.

In Paper I we therefore introduced an enzyme sensitive liposome which is coated
with cleavable PEG. Cleavage of the PEG-layer by two members of the enzyme
matrix metalloproteinase (MMP) family may improve interstitial transport, could
destabilize the liposomal membrane which may result in accelerated drug release
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and increased cellular uptake. The main aim of the work presented in Paper I
was to study the effect of focused ultrasound and microbubbles on the delivery
and therapeutic efficacy of the MMP sensitive liposome. The performance of the
MMP sensitive liposome was compared to a non-MMP sensitive version and a
liposomal formulation similar to the commercially available Doxil® formulation.
The cellular uptake and cytotoxicity of the liposomes were studied in vitro. In vivo
the effect of focused ultrasound and microbubbles on tumour accumulation,
biodistribution, microdistribution and therapeutic efficacy of the three types of
liposomes were investigated. We concluded that for all liposomes, focused
ultrasound and microbubbles treatment resulted in an improved tumour
accumulation, increased extravasation, and increased penetration depth of the
liposomes. The latter was surprisingly independent of the ultrasound intensity
used. The MMP sensitive liposome showed a better therapeutic efficacy and
improved penetration depth of the liposomes into the tumour interstitium
compared to the non-MMP sensitive version. These results indicated that cleaving
of the PEG-layer may have had a positive impact on the therapeutic efficacy.
However, of all the liposomes studied, the Doxil-like liposome outcompeted the
MMP and non-MMP sensitive liposome, both with and without the use of
ultrasound and microbubble treatment.

Paper II

As previously discussed in this thesis, the blood-brain barrier is a major obstacle
when treating several brain disorders. Focused ultrasound in combination with
intravascular microbubbles has shown to increase the permeability of the BBB by
opening the tight junctions, creating endothelial cell openings, stimulating
endocytosis and increasing transcytosis. The main aim of the work presented in
Paper II was to study if combining focused ultrasound and microbubbles with
transferrin receptor-targeting liposomes would result in enhanced delivery across
the BBB, compared to liposomes lacking the BBB targeting moiety.

As a model system, post-natal rats were used because of their high expression of
the transferrin receptor on the BBB. Magnetic resonance image (MRI) guided
focused ultrasound was employed to increase the permeability of the BBB in one
of the hemispheres. The extend of BBB permeability was evaluated by contrast-
enhanced MRI. The two liposomes studied were loaded with cisplatin and labelled
with a fluorophore. The amount of cisplatin entering the brain tissue was
quantitated by inductively-coupled plasma mass spectroscopy (ICP-MS). The
distribution of liposomes in brain tissue was imaged by confocal laser scanning
microscopy (CLSM).



Chapter 4 - Summary of papers

For all animals, an increased BBB permeability was observed after focused
ultrasound and microbubble treatment. A 40% increase in accumulation of the
transferrin receptor targeting liposomes was detected in the hemisphere treated
with focused ultrasound relative to the control hemisphere. The liposome lacking
the BBB targeting moiety showed no increased accumulation in the focused
ultrasound treated hemisphere. High magnification CLSM images showed that the
liposomes in the ultrasound treated hemisphere were mainly located in the brain
endothelial cells and/or perivascular space. The results presented in Paper II
demonstrate that focused ultrasound and microbubble treatment combined with
blood-brain barrier targeting liposomes could be an interesting approach to
enhance drug delivery to the brain.

Paper III

The restrictive nature of the BBB prevents efficient treatment of many brain
diseases. Focused ultrasound and microbubble treatment has shown to safely and
transiently increase the permeability of the BBB. Currently, microbubbles
primarily designed and optimized for diagnostic purposes are being employed.
These microbubbles flow, due to their small size (1-3 pm), freely through the
vasculature and achieve only limited contact with the vessel wall, making them
less optimal for therapeutic applications. New microbubble platforms are currently
developed to address these shortcomings and Acoustic Cluster Therapy® (ACT)
is one of them. The ACT concept consists of an intravenous injection of
microdroplet-microbubble clusters. By using high frequency ultrasound (2-3
MHz), these clusters are activated into large microbubbles (20-25 pm) which
transiently lodge in a small fraction of the targeted vasculature. A second
ultrasound exposure step with low frequency ultrasound (500 kHz) is expected to
induce controlled volume oscillations of the ACT bubbles which thereby exert
biomechanical forces on the capillary wall and enhance local accumulation of a
co-injected therapeutic agent at the targeted site. The large ACT bubbles will
cover a large area within the blood vessel and stay for a prolonged time resulting
in intensified contact with the endothelium compared to conventional used
microbubbles. In Paper III we studied the potential of ACT to increase the
permeability of the BBB and improve accumulation of the model drug IRDye®
800CW-PEG and CCPM in the brain. One hour post treatment, we observed
increased accumulation of the IRDye® 800CW-PEG (5.2-fold) and CCPM (3.7-
fold) in the ACT treated brains opposed to control brains. CLSM verified the
improved delivery of CCPM to the brain and showed increased extravasation and
penetration depth of the CCPM upon ACT. No treatment related tissue damage
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was observed in brain sections. With this study we demonstrated that ACT is
capable to increase the permeability of the BBB safely and enhances accumulation
and tissue distribution of macromolecules and clinically relevant nanoparticles in
the brain.

Paper IV

Ultrasound exposure in the presence of microbubbles has emerged as an effective
method to transiently and locally increase the permeability of the BBB, and
thereby facilitating transport of drugs across. Successfulness of focused
ultrasound and microbubble treatment is commonly evaluated by contrast-
enhanced magnetic resonance imaging or by dye extravasation visualized with in
vivo imaging or in ex vivo histology. However, most of these evaluation methods
have been performed after completion of the focused ultrasound and microbubble
treatment such that essential information on the dynamic biological responses
during, and immediately following ultrasound exposure are missed. This kind of
information may aid in understanding the mechanisms behind focused ultrasound
and microbubble treatment.

Paper IV describes the surgical and technical procedures required to conduct in
vivo multiphoton imaging with high spatial and temporal resolution imaging of
the brain parenchyma during ultrasound and microbubble treatment. Optical
access to the brain is obtained via an open-skull cranial window. A piece of skull
with a diameter of 3-4 mm is removed and the exposed area of the brain is sealed
with an optically transparent coverslip. For good ultrasound coupling and as
support for the transducer, agarose is applied on top of the cranial window after
which a ring-shaped transducer attached to a second coverslip is mounted on top.
When this whole procedure is performed under sterile surgery procedures and if
anti-inflammatory measures are taken, ultrasound and microbubble treatments
and imaging sessions can even be performed for several weeks. To visualize the
vasculature and to quantify ultrasound induced effects such as leakage kinetics
and vascular changes, fluorescent dextran conjugates can be intravenously
injected. In short, this paper describes the cranial window placement, ring
transducer placement, imaging procedure, common troubleshooting steps as well
as advantages and limitations of the procedure discussed.
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The combined use of ultrasound and microbubbles has emerged as a new strategy
to enhance drug delivery to tumours and across the blood-brain barrier (BBB).
New nanoparticle-based drug delivery systems and microbubble platforms are
continuously being developed to achieve more efficient drug delivery to tumours
and the brain. The work presented in this thesis aims to contribute in this
development.

The novelty in both Paper I and Paper II is the use of ultrasound and
microbubble treatment combined with liposomes exhibiting features which may
improve delivery to tumour cells (Paper I) or enhance drug delivery across the
BBB (Paper II). In both cases ultrasound and microbubble treatment was
performed with the commonly used ultrasound contrast agent SonoVue™. In
Paper III the potential of the novel microbubble platform Acoustic Cluster
Therapy® (ACT) to increase the permeability of the BBB and to facilitate delivery
of a clinically relevant nanoparticle to the brain was studied. Lastly, Paper IV
describes the surgical and technical procedures that enable real-time in vivo
multiphoton fluorescence imaging of the rodent brain during focused ultrasound
and microbubble treatments to increase the BBB permeability. Based on the
procedures described in Paper IV, experiments on unravelling the mechanism
behind ACT-induced increase of BBB permeability have been initiated. More data
needs to be acquired, but interesting observations have already been made.

Nanoparticle delivery to tumours

Nanoparticle-based drug delivery systems have aroused attention because of
their promising potential in increasing drug delivery to tumours due to their ability
to exploit the EPR-effect. However, a thorough literature review summarizing
data on nanoparticle uptake into tumours published during the last decade
showed that only a small fraction of intravenously administered nanoparticles was
recovered in tumours (median 0.7 %) [187]. Additionally, other research
demonstrated that the majority of extravasated nanoparticles were trapped in
the extracellular matrix or taken up by immune cells resulting in low delivery
efficiency to tumour cells (0.0014%) [70]. For core-crosslinked polymeric micelles



Chapter 5 — Discussion and future outlook

(CCPM), the nanoparticles used in Paper I1I, approximately 66 % of internalized
CCPM in tumour tissue were observed inside immune cells [73]. The poor delivery
to tumours and low internalization efficiency by tumour cells represent the current
challenges in achieving a sufficient therapeutic effect with nanoparticle-based
drug delivery systems.

The main reason why drug loaded nanoparticles have evolved as an interesting
way to increase drug delivery to tumour tissue is that they exploit the EPR-effect.
Even though the EPR effect is the main paradigm in cancer nanomedicine, it has
been questioned, mainly due to the limited success of nanomedicine in the clinic.
However, recent research sheds new light on our knowledge on the transport
pathways of nanoparticles into tumours. Whereas passive accumulation of
nanomedicine has always been assumed to be the main transport pathway into
tumours, recent research demonstrated that active transport of intravenous
administered nanoparticles through endothelial cells into the tumour might be
more dominant [57]. Other interesting research demonstrated a dose threshold
for nanoparticle tumour delivery in mice [188]. Doses above the threshold of 1
trillion nanoparticles were found to overwhelm the clearance system. This enabled
up to 12 % tumour delivery and at the largest number of injected nanoparticles,
93 % of the cells in the tumour had internalized nanoparticles [188]. The found
threshold was translatable to different types of nanoparticles and several tumour
models [188]. Even though the research presented above has received some
critique [189], these recent findings indicate that instead of developing more
complicated nanoparticle-based drug delivery systems, we ought to reassess our
current perspective and knowledge on delivery and transport pathways of
nanoparticles in tumours.

Ultrasound-mediated delivery of hanomedicine to tumours

As extensively discussed in Chapter 1 in this thesis, ultrasound in combination
with systemically administered microbubbles can improve delivery of drugs and
drug carriers to tumour tissue [28-30, 130, 190-192]. Even though ultrasound
enhanced delivery of drug carriers has been associated with enhanced therapeutic
efficacy, extravasated drug carriers will potentially still face low internalization
rates by tumour cells as discussed in the previous paragraph. This may reduce
the real therapeutic potential of ultrasound and microbubble treatment. In Paper
I we therefore combined ultrasound and microbubble treatment with liposomes
exhibiting a feature beneficial for internalization by tumour cells upon
extravasation. These liposomes were coated with an enzymatic cleavable
poly(ethylene) glycol (PEG) layer. Upon delivery to the tumour site, the enzymes
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MMP-2 and MMP-9 will cleave the PEG-layer which may facilitate internalization
of the liposomes by the tumour cells and thus increase the therapeutic efficacy.
The performance of the enzyme sensitive liposome was compared to its non-
enzyme sensitive version and a liposome formulation similar to the clinically
approved Doxil® formulation. For all three liposomes studied, ultrasound and
microbubble treatment resulted in enhanced accumulation, improved
extravasation, and increased penetration of the liposomes from the blood vessels
into the tumour tissue. These findings agreed with what others have observed
upon using ultrasound and microbubble treatment [28-30, 130, 190-192].
However, in addition, we demonstrated that ultrasound-mediated delivery of the
enzyme sensitive liposome indeed resulted in improved therapeutic efficacy
whereas the therapeutic efficacy of the non-enzyme sensitive liposome did not
improve upon ultrasound and microbubble treatment. These findings could
indicate that the enzymatic feature of the liposome might have contributed to the
observed enhanced therapeutic efficacy.

If the observed enhanced therapeutic efficacy can be completely assigned to the
enzyme sensitive attribute of the liposome is of course disputable. Firstly, in the
presented work, the positive effect of cleavage of the PEG-layer on internalization
by tumour cells has been studied solely in vitro. Assumptions on in vivo behaviour
are based on the verified presence of the enzymes MMP-2 and MMP-9 and not on
their demonstrated in vivo activity. Acquiring information on if, where, how long
and at what incidence cleavage of the liposomes takes place in vivo is a highly
challenging task. Demonstrating the in vivo presence of the enzymes of interest
combined with in vitro activity has therefore currently been the standard for
assumptions on in vivo behaviour [193]. Secondly, small differences in liposomal
characteristics (e.g. size, surface charge, etc.) were observed between the two
liposomes with similar lipid composition. The differences were within an
acceptable range, but it is unknown if and to what extent these differences might
have affected the in vivo behaviour of the liposomes. Additionally, upon systemic
administration, liposomal characteristics may be altered due to interactions with
blood components or by being exposed to different environmental conditions (e.g.
osmolarity, pH, temperature). Our knowledge on what happens to the drug
delivery system upon administration is limited due to the complexity of the
biological system. In vitro obtained characterization data is therefore used to
interpret in vivo behaviour of nanoparticles which could easily result in drawing
the wrong conclusions and makes it difficult to compare the performances of
different nanoparticle-based drug delivery systems. Unravelling of the in vivo
characteristics and behaviour of the nanoparticle-based drug delivery systems will
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be challenging, but it will most likely help us forward in developing better drug
delivery systems.

The enhanced therapeutic effect observed upon ultrasound and microbubble
treatment is often explained by the improved delivery and tumour penetration of
the drug carrier due to increased tumour vasculature permeability, and
sonoporation facilitating intracellular drug delivery. Direct comparison of studies
on ultrasound-mediated delivery is challenging due to the many parameters (e.g.
nanoparticle type, tumour model, ultrasound settings, etc.) involved.
Nevertheless, when ignoring experimental differences, an ultrasound-induced
increase in drug carrier delivery in the range of 2 to 12-fold with variable
therapeutic efficacies including complete tumour regression as result has been
reported [171, 186, 190, 191, 194, 195]. Although increased intracellular
concentrations of drugs are observed upon ultrasound and microbubble
treatments [1, 196, 197], it is surprising that the ‘modest’ increase in tumour
accumulation of the drug carrier can result in an impressive therapeutic efficacy
such as complete tumour regression. Especially when taking into account the high
numbers on internalization of drug carriers by immune cells and relatively low
delivery efficiency to tumour cells presented previously. The focus in ultrasound
mediated drug delivery is often on biomechanical effects such as creating pores,
opening intracellular junctions and microstreaming, resulting in improved delivery
of the drug carrier which is often quantified and given as the reason for the
observed enhanced therapeutic efficacy. However, each of the ultrasound-
induced effects and cavitating microbubbles by themselves will induce responses
on a cell biological level which, in the end, will be the main determinant for the
fate of the cells affected, and thus might be interesting to understand and study.
Examples of biological effects which currently have been observed upon
ultrasound and microbubble treatment are stimulated cytosis processes,
apoptosis and altered gene expressions [1, 153, 166, 198]. Inducing these
biological effects may be therapeutically beneficially. It for example has been
reported that induced effects by ultrasound and microbubble treatment improved
the tumour response to radiation treatment [199-201]. The observed effect was
explained by ultrasound and microbubble induced endothelial cell apoptosis which
was enhanced by ionizing radiation treatment, leading to reduction of blood flow
and the induction of tumour cell death [200]. Besides (indirectly) reducing the
blood flow in tumours [162, 163], the opposite has also been observed upon
ultrasound and microbubble treatment [160]. The latter effect may be
therapeutically beneficial as well since it might increase the oxygenation level in
hypoxic areas of the tumour. These hypoxic areas are often associated with
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treatment resistance and local increase in oxygenation level by ultrasound and
microbubble treatment might make tumour cells more susceptible to
chemotherapeutic agents and radiation therapy [169, 202].

Another slightly underappreciated ultrasound induced effect which will contribute
to the therapeutic efficacy of the treatment and should be studied and exploited
more, is the anti-tumour immune response. In case of high intensity focused
ultrasound (HIFU) treatments, anti-tumour responses have been reported and
held responsible for the complete tumour regression observed in animal tumour
models [164, 165]. Also in case of ultrasound and microbubble treatment, an
induced anti-tumour response has been reported [203] so its occurrence is
therefore not unlikely. This may be explained by the micro cell damages and/or
micro haemorrhages induced by cavitating microbubbles, which stimulate
immune cells and thus induce an immune response. Besides improving delivery
of nanomedicine by cavitating microbubbles, inducing small haemorrhages in the
tumour could intensify the immune response and could thus be favourable in case
of therapeutic purposes. Combined with what has been discussed in the previous
paragraph, ultrasound and microbubble treatment could on purpose be used to
reduce the vasculature in tumours. The induced tissue damage will most likely
show similarities with a regular blue mark, but since tissue damage is currently
often reported as an unwanted side effect of ultrasound and microbubble
treatment, the therapeutic potential of inducing modest tissue damage and its
long term consequences on tumour growth are understudied.

Improving drug delivery across the blood-brain barrier

Whereas Paper I focuses on the use of ultrasound and microbubble treatment to
enhance drug delivery to tumour tissue, in Paper II, Paper III and Paper IV
ultrasound and microbubble treatment is employed to increase the permeability
of the BBB. In Paper II ultrasound and microbubble treatment was combined
with a liposome decorated with an antibody directed against the BBB to improve
delivery across the BBB. Ultrasound and microbubble treatment is known to
stimulate different cytosis processes such as endocytosis and transcytosis [111,
150, 204]. It was therefore hypothesized that combining ultrasound and
microbubble treatment with a liposome that can exploit endogenous BBB
transport pathways (e.g. receptor-mediated transcytosis) would result in an
increased delivery of liposomes across the BBB. The performance of the
transferrin receptor-targeting liposome (Anti-TfR) was compared to a liposome
decorated with an isotype of the Anti-TfR antibody (e.g. IgG) which thus lacked
the BBB targeting moiety. Both liposomes were loaded with cisplatin and labelled
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with a fluorophore to study the brain accumulation by ICP-MS and distribution of
the liposome in the brain by CLSM, respectively. The main finding of the work
presented in Paper II was the 40% increase in cisplatin accumulation in the FUS-
treated hemisphere opposed to the control hemisphere in animals receiving the
Anti-TfR liposome while no increased accumulation was observed in animals
treated with the IgG liposome. CLSM tilescans of brain sections showed that the
location of liposomal fluorescence corresponded with the observed gadolinium-
induced contrast in the corresponding MR image acquired post ultrasound and
microbubble treatment. High magnification CLSM imaging revealed that
liposomes in the ultrasound treated hemisphere were mainly observed in
endothelial cells and/or perivascular space. Only a small number of liposomes was
observed in the brain parenchyma. Based on our findings, we concluded that
combining focused ultrasound and microbubble treatment with a BBB-targeting
liposome enhanced their accumulation in the brain.

Since ultrasound-mediated delivery of a drug carrier is often associated with
extravasation and improved penetration depth within the ultrasound targeted
tissue, as for example observed in Paper I, it was surprising that we only
observed a minimal amount of liposomal fluorescence in the brain parenchyma
(Paper II). The absence of liposomal fluorescence in the brain parenchyma could
imply that the FUS treatment employed did not create openings and/or pores
large enough to facilitate free access for the 180 nm sized liposomes to the brain
parenchyma. In case extravasation of the liposomes did occur, the large size of
the liposomes (~180 nm) may hamper its diffusion into the brain parenchyma
[51]. The relatively low acoustic pressure (0.26 MPa) used and corresponding
mechanical index (0.25) is far below the threshold for irreversible BBB disruption
(0.46 MI) [119]. The latter is mainly associated with inertial cavitation behaviour
of microbubbles causing microvascular damage. It is therefore expected that the
SonoVue™ microbubbles mainly exhibited stable cavitation behaviour which has
been associated with opening of the inter-endothelial tight junctions. The increase
in blood-brain permeability was verified with contrast enhanced MRI which
indicated clear extravasation of the gadolinium containing MR contrast agent.
Different studies have been performed to investigate the size of the openings
and/or pores in the BBB induced by ultrasound and microbubble treatment [205,
206] and the optimum size for drug carriers exploited for ultrasound-mediated
delivery to the brain [207, 208]. These studies demonstrated that the size of
ultrasound-induced openings in the BBB depends on several parameters such as
microbubble characteristics (e.g. type, size), microbubble concentration and
ultrasound parameters (e.g. acoustic pressure, pulse length) [206, 209-211].
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Based on these studies, a size limit for extravasating macromolecules upon
ultrasound and microbubble treatment was suggested whereby higher acoustic
pressures facilitated the delivery of larger macromolecules across the BBB [206].
With acoustic pressures higher than employed in Paper II, a maximum size of
inter-endothelial cell openings of around 65 nm was observed. Even though it has
been suggested that by optimizing ultrasound settings, inter-endothelial cell
openings larger than 65 nm can be generated, it seems to be unlikely that pores
and/or openings large enough to facilitate free access of the liposomes (~180
nm) to the brain parenchyma were acquired with the low acoustic pressures used
in Paper II. The enhanced accumulation of the transferrin receptor-targeting
liposomes observed in the ultrasound treated hemisphere can therefore be most
likely assigned to ultrasound enhanced endocytosis and/or transcytosis.

The fact that only a minimal amount of liposomal fluorescence was observed in
the brain parenchyma does not specifically mean that the delivery of the payload
(e.g. cisplatin) to the abluminal side was unsuccessful. Unfortunately, the exact
location of the cisplatin is unknown. The fate of the cisplatin, located in the core
of the liposome, will depend on the intracellular sorting upon receptor mediated
endocytosis. The exact mechanism is still unknown, but the binding affinity of the
antibody towards the transferrin receptor is one of the determining factors [212].
Interestingly, recent research with the same liposomes as used in Paper II but
without the use of ultrasound and microbubble treatment demonstrated that
upon transcytosis, the liposomes accumulated in the perivascular space and did
not extravasate into the brain parenchyma [213].

Ultrasound induced effects in tumour and brain tissue

The conventional ultrasound contrast agent SonoVue™ was employed in Paper I
to improve delivery of the enzyme sensitive liposomes to subcutaneous tumour
tissue and in Paper II to enhance the delivery of transferrin receptor targeting
liposomes to a healthy rat pup brain. To achieve improved delivery in the different
tissue types, different ultrasound pressures were applied. That different targeted
tissues demand different ultrasound pressures to achieve improved delivery of
nanomedicine is not surprising since ultrasound and microbubbles will interact
differently with the different types of tissue. As discussed in Chapter 1, tumour
tissue differs in various ways from healthy tissue. Firstly, the tumour vasculature
is highly abnormal. It has an atypical architecture, contains dead ends, has high
vascular resistance, is unusually branched and is leaky due to poorly aligned
endothelial cells resulting in large fenestrations. Secondly, the high cell density
and dense extra cellular matrix may result in stiffer tissue compared to healthy
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tissue. Lasty, the poorly functioning vasculature combined with a defective
lymphatic system and dense extra cellular matrix results in a high interstitial fluid
pressure [62]. The aforementioned tissue properties are known to not only differ
highly within and between tumours but also between cancer types [54, 59].
Whereas tumour tissue has a leaky and poorly functional vasculature, the blood-
brain barrier is quite the opposite. Brain capillaries are aligned with endothelial
cells which are strongly bound together by tight junctions sealing the paracellular
cleft and restricting paracellular transport. In addition, brain tissue is relatively
‘soft’ compared to other tissues since it only contains a minimal amount of
connective tissue [214]. The properties of tumour tissue and brain tissue are
clearly different such that biophysical effects induced by oscillating microbubbles
and their impact will vary as well. The leaky tumour vasculature will to some
extent already facilitate the extravasation of nanomedicine. To really improve
delivery and penetration further into the slightly stiff tumour tissue with high
interstitial pressure, the impact of the oscillating microbubbles needs to preferably
reach beyond the endothelial cell layer. By using higher pressures, the
microbubble oscillations will, to some extent, be more forcefully thereby inducing
biophysical effects facilitating extravasation and penetration of the co-injected
drug or drug carrier. However, in case of brain tissue, the main purpose of using
ultrasound and microbubble treatment is to increase the permeability of the
blood-brain barrier since this is the main barrier to overcome in case of drug
delivery to the brain. To open the tight junctions, oscillating microbubbles mainly
need to interact with the endothelial cell layer. To not permanently damage the
brain, this should preferably be done in a safe and temporarily manner such that
as low as possible pressures should be used. In case of tumour tissue, too much
tissue damage should be prevented as well, but this is a less crucial prerequisite
compared to brain tissue.

The anatomical differences between tissue types and the variety in other
experimental details (e.g. ultrasound settings, type of microbubble, microbubble
concentration, etc.) will affect the in vivo behaviour of the microbubble and thus
the efficiency of the ultrasound and microbubble treatment. By monitoring the in
vivo behaviour of the microbubbles, the reproducibility and efficiency of the
treatment could potentially be improved. This can be achieved by detecting the
acoustic emission of the microbubbles and including a feedback controller
mechanism such that the pressures can be adapted based on the observed in vivo
behaviour of the microbubbles. Several research groups started exploring the use
of such a cavitation detection system to improve the efficiency of their ultrasound
and microbubble treatment as well as high intensity focused ultrasound (HIFU)
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treatments [215-217]. A cavitation detection system was part of the experimental
set-up in Paper I but was mainly used to study if there would be a correlation
between the acoustic emission of the microbubbles and the obtained therapeutic
efficacy, but no correlation was found. The commercial ultrasound set-up
employed in Paper II contains a cavitation detection system and feedback
controller mechanism, but unfortunately this system was defective. Variations in
the increase in blood-brain barrier permeability and thus delivery of the
transferrin receptor targeting liposomes were observed between the different
treatment spots which was most likely caused by differences in thickness and
curvature of the skull at the different treatment locations. A feedback controller
mechanism could have been of great help to improve the efficiency of the
ultrasound and microbubble treatment employed in Paper II.

Microbubbles for therapeutic applications

Microbubbles (e.g. SonoVue™, Optison™, Definity™) currently used in most
ultrasound and microbubble treatment studies are primarily designed and
optimized for diagnostic purposes. These microbubbles flow, due to their small
size, freely through the vasculature, stay confined in the vascular lumen and have
only limited contact with the vessel wall. In addition, these microbubbles are
typically cleared within 2-3 minutes from the vasculature and are easily destroyed
by ultrasound such that often multiple injections are needed to achieve efficient
treatment. To overcome their short comings, new microbubble platforms
specifically engineered for therapeutic purposes with the aim to improve the
efficiency of ultrasound-mediated drug delivery are being developed.

Examples of optimal properties of therapeutic microbubbles to improve the
efficiency of ultrasound-mediated drug delivery are an increased size to optimize
contact with endothelial cells and a long circulation time to prolong treatment
time. As already discussed, ACT is an example of a therapeutic microbubble
platform which exhibits these properties. Another approach to improve treatment
efficiency is to use microbubbles with a narrow size distribution such that a more
efficient, predictive and reproducible cavitation response can be achieved in vivo.
A different way to improve ultrasound-induced drug delivery is to load the
microbubbles with drugs and to attach or incorporate drug-loaded nanoparticles
to the microbubble surface [190, 218-220]. However, these microbubbles
encounter some additional challenges such as relatively poor drug loading and in
vivo stability issues [218, 221]. Although a large microbubble size can be
beneficial for treatment purposes, the opposite is true as well. Being confined in
the vascular lumen limits the range of induced effects by the cavitating
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microbubbles. Therefore, small nanobubbles and nanodroplets able to exploit the
EPR-effect in tumour tissue are developed. Ultrasound can be used to vaporize
the (drug-loaded) nanodroplets, creating microbubbles which may locally
enhance intracellular drug delivery and improve drug distribution within the
tumour interstitium. Similar effects have been observed upon the use of the
nanocup, a nanobubble stabilized by a cup-shaped nanoparticle [222]. These
nanocups showed in vivo cavitation activity for several minutes and were
observed to penetrate well beyond the vessel wall. Furthermore, they showed
enhanced delivery and penetration in a tumour model of a co-injected antibody
[222].

Each of the microbubble discussed above was developed to overcome the
limitations of currently used microbubbles and the use of these novel therapeutic
microbubbles will expand our knowledge on ultrasound and microbubble
treatment. A microbubble which can be used for a range of therapeutic
applications would be most beneficial for the clinic but it is also not unlikely that
microbubbles will be engineered for a specific application since the different
therapeutic application may demand different types of microbubble behaviour.

Acoustic Cluster Therapy and the blood-brain barrier

ACT has shown great therapeutic potential in several preclinical cancer models
which resulted in the first in man study (phase I ACTIVATE study, NCT04021277).
However, the potential of ACT to increase the permeability of the BBB and
consequent brain uptake remains understudied. The work presented in Paper III
showed for the first time the potential of ACT to increase the permeability of the
BBB and facilitate delivery of a clinically relevant nanoparticle such as CCPM. One
hour post ACT, a 3.7 fold increase in CCPM accumulation was observed in ACT-
treated murine brains opposed to control brains. High magnification CLSM images
verified the improved delivery and extravasation of the CCPM upon ACT.

Whereas we did not observe any clear extravasation of the transferrin receptor
targeting liposomes upon ultrasound and microbubble treatment (Paper II),
clear extravasation of the core-crosslinked polymeric micelles (CCPM) into the
brain parenchyma was observed upon Acoustic Cluster Therapy® (ACT) (Paper
IIT). The two main differences between the two studies were the difference in
size of the nanoparticles used and the microbubble platform employed to increase
the permeability of the BBB. As previously discussed, the smaller size of the CCPM
(~65 nm, Paper III) opposed to the liposomes (~180 nm) used in Paper II will
be beneficial for extravasation purposes upon ultrasound induced opening of inter
endothelial cell openings. As discussed earlier, the maximum observed inter-
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endothelial cell openings upon ultrasound and microbubble treatment performed
with conventional ultrasound contrast agents was observed to be approximately
65 nm. However, ACT is expected to work by a different mechanism compared
to conventional microbubbles such that ACT-induced inter-endothelial cell
openings could potentially be of a different size.

Unravelling the mechanisms with intravital microscopy

In case of conventional used microbubbles (e.i. ultrasound contrast agents), great
effort has been put in understanding the mechanism behind ultrasound induced
increase in BBB permeability. Real time in vivo multiphoton fluorescence imaging
performed simultaneously with ultrasound and microbubble treatment is one of
the experimental techniques which contributed greatly to the understanding of
ultrasound induced increase of BBB permeability [204, 223, 224]. Whereas the
findings are likely translatable between the conventionally used ultrasound
contrast agents, ACT most likely works by a different mechanism. We therefore
established, with help of experienced collaborators, the aforementioned intravital
microscopy technique in our lab. This collaboration resulted in Paper IV which
describes the surgical and technical procedures that enable real-time in vivo
multiphoton fluorescence imaging of the rodent brain during focused ultrasound
and microbubble treatments. Optical access to the brain is obtained by an open-
skull cranial window which is sealed with an optically transparent coverslip. A ring
transducer attached to a coverslip is mounted on top with agarose as a coupling
medium between the two cover glasses. By intravenously injecting fluorescent
dextran conjugates and/or nanoparticles, the vasculature can be visualized, and
the effect of focused ultrasound and microbubble treatment can be studied. Even
though the temporal resolution is not high enough to image bubble oscillations,
this experimental technique will most likely be sufficient to get new insights in the
mechanism behind ACT-induced increase of the BBB permeability.

As previously discussed, the latter was studied and observed on a more
macroscopical scale in Paper III and raised several research questions regarding
the mechanism of ACT in the brain. To give some examples: Do the ACT bubbles
lodge at the site of activation or do they keep circulating upon activation? How
long do the ACT-bubbles reside in the vasculature of a healthy brain? Does
activation of the ACT clusters result in dilation of the (micro)vessel and
extravasation of the co-injected agent. Is the enhancement exposure step the
main driver behind extravasation of the co-injected therapeutic agent? Are the
‘clouds of CCPM’ observed in Paper III the result of a single ACT-bubble? These
research questions can hopefully be answered by using the intravital microscopy
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procedure described in Paper IV. These experiments have been initiated and
have already resulted in interesting observations. More experiments still need to
be performed, but it will likely contribute to our understanding of how ACT works
in the brain. Besides studying the mechanism of ACT, the procedure described in
Paper IV could also be of interest to study the ultrasound-induced improved
delivery to the brain of nanoparticle-based drug delivery systems such as the
transferrin receptor-targeting liposomes used in Paper II. By imaging the brain
both during but also for a certain time after ultrasound and microbubble
treatment, novel knowledge on the transport pathways of nanosized drug carriers
upon ultrasound and microbubble treatment into the brain can be acquired.

Clinical relevance

The work presented in this thesis describes how several nanoparticle-based drug
delivery systems and microbubble platforms were used to improve delivery of
nanomedicine to tumour tissue as well as the brain. The findings have increased
our understanding on the combined use of nanomedicine and ultrasound and
microbubble treatment, but most likely their clinical impact will be of different
degrees. The enzyme sensitive liposome used in Paper I showed better
therapeutical behaviour compared to the non-enzyme sensitive version of the
liposome but was clearly outcompeted by the clinically used Doxil formulation.
Nevertheless, the idea of combining ultrasound and microbubble treatment with
a nanoparticle exhibiting features which improves internalization by tumour cells
upon ultrasound-mediated delivery remains to be an interesting approach to
improve the therapeutic efficacy of ultrasound and microbubble treatment. The
findings in Paper II indicated that ultrasound and microbubble treatment
improved endocytosis of the transferrin receptor-targeted liposomes. Up to now,
ultrasound induced stimulation of endocytosis processes was mainly observed in
in vitro experiments. These findings can be of clinical relevance, especially when
endothelial cells are the main target. However, more information needs to be
acquired on the fate of the liposomal load upon ultrasound and microbubble
treatment. It would especially be of great interest to know if the cisplatin is
transported across the blood-brain barrier and penetrated the brain tissue, since
this information can currently not be extracted from the results. The procedure
described in Paper IV could be employed to study the in vivo fate of the blood-
brain barrier targeting liposomes upon ultrasound and microbubble treatment. If
the payload of the liposomes indeed crosses the blood-brain barrier, this could be
an interesting approach to improve drug delivery to the brain. However, to get a
representative perspective on its clinical relevance, the delivery efficiency of the
transferrin receptor-targeted liposomes should be compared to the performance
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of for example smaller sized nanoparticles (~50-100 nm) when combined with
ultrasound and microbubble treatment. Exploiting the opened tight junctions
could be a more efficient way of drug delivery. In Paper III both the use of ACT
and the core-crosslinked polymeric micelles (CCPM) are to some extent of clinical
relevance. The versatile CCPM have shown great therapeutic potential in both
preclinical and clinical work. A therapeutic agent of interest can easily be
incorporated into the CCPM, generating a wide range of possible applications.
Combining these CCPM with ultrasound and either ACT or a conventional
microbubble could generate even more therapeutic applications. In addition, the
findings in Paper III show that ACT has potential to safely and transiently
increase the permeability of the blood-brain barrier. However, more research on
the optimal ultrasound settings for ACT when employed in the brain and on the
mechanism of ACT should be conducted. Also here, the method described in
Paper IV can be used to acquire this specific knowledge on ACT. An extra
challenge which slows down the translation of ultrasound and microbubble
treatment to the clinic is the need for ultrasound transducers that are able to
generate the required ultrasound pulses. This demands extensive testing and
characterization of the ultrasound probe and ultrasound treatment procedure
before it can be safely used in the clinic. In addition, extra care needs to be taken
when using low-frequency ultrasound, since there will be a risk of brain damage
due to standing waves and inertial cavitation [225].

In several preclinical studies, ultrasound and microbubble treatment has shown
its great potential in improving drug delivery to tumours and the brain. The
promising results have resulted in several clinical trials in which clinically approved
ultrasound contrast agents and drugs are used. Several new microbubble
platforms specifically developed for therapeutic applications are currently under
development and are expected to be superior to currently employed
microbubbles. Even though the future of ultrasound and microbubble treatment
in the clinic looks bright, we still do not fully understand the mechanism and all
the biophysical effects induced. Although the ongoing clinical trials show that
complete understanding of the mechanism is not necessary to get a novel
technique to clinic, knowledge on the mechanism can help us to increase the
therapeutic potential of ultrasound and microbubble treatments. Either by
developing even better microbubble platforms or by developing nanomedicine
with features that can exploit the ultrasound induced effects to the fullest.
However, it will be a highly challenging task to fully understand the mechanism
and induced effects because of several reasons. Firstly, we work with a very
complex biological system, which by itself, we do not fully understand yet.
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Secondly, there are a large amount of known and still unknown parameters
involved. Both reasons will not only make it hard to compare studies to find the
perfect ultrasound settings or microbubble to use but will likely make it difficult
to reproduce results.

Instead of focusing on fully understanding the mechanism, it could be of interest
to study why, in some cases, ultrasound and microbubble treatment does not
result in an enhanced treatment effect in tumours or the brain. Even though this
is most likely a disappointing result from the researcher’s point of view, it will
indirectly teach us something about the mechanism of action. If we, for example
in case of tumour treatment, could figure out which tumour features are the
reason for failure of the ultrasound and microbubble treatment, we could use this
information to stratify patients in the clinic. In this case it is important to
characterize the tumours well such that the tumour features of interest can be
identified. In addition, as already briefly discussed in Chapter 1 we could try to
alter the disadvantageous tumour features such that the tumour becomes more
susceptible to ultrasound and microbubble treatment. Furthermore, where
conventional ultrasound contrast agents might fail in improving drug delivery to
certain tumour types, it might be that some of the newly developed microbubble
will be successful in these tumours due to a different mechanism of action.
Various microbubble platforms engineered more specifically for enhancing drug
delivery will be available in the future such that we might be able to pick the
microbubble based on the type of treatment required, just like the way we
currently select drugs.
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The combined use of ultrasound and microbubbles has emerged as a promising
technique to enhance delivery of drug and drug carriers to tumours and the brain.
New nanoparticle-based drug delivery systems and microbubble platforms to
achieve more efficient drug delivery to tumours and the brain are continuously
being developed. The work presented in this thesis has increased our
understanding on how ultrasound and microbubble treatment can be used to
improve delivery of nanomedicine to subcutaneous tumour tissue as well as to
the brain.

Three nanoparticle-based drug delivery systems have been studied and two types
of microbubble platforms have been employed to improve delivery of
nanomedicine to either subcutaneous tumours or brain. Firstly, the performance
of an enzyme sensitive liposome in a subcutaneous tumour evaluated and
compared to a non-enzyme sensitive liposome and the clinically used Doxil
liposome. For all three liposomes, improved extravasation and accumulation was
observed upon ultrasound and microbubble treatment conducted with the
conventional used microbubble SonoVue™. In the therapeutic study, the enzyme
sensitive liposome performed better than the non-enzyme sensitive liposome but
was outcompeted by the Doxil formulation. The second nanoparticle-based drug
delivery system evaluated was a transferrin receptor-targeting liposome.
Combining this liposome with ultrasound and microbubble treatment, again
conducted with the microbubble SonoVue™, resulted in a 40% increase in
accumulation in the ultrasound treated hemisphere opposed to the hemisphere
acting as an internal control. Performance of the transferrin receptor-targeting
liposome was compared to a liposome lacking blood-brain barrier targeting
properties. The latter liposome showed no increased accumulation upon
ultrasound and microbubble treatment. This indicated that the observed increase
in accumulation of the transferrin receptor-targeting liposome can most likely be
assigned to induced endocytosis and/or transcytosis by ultrasound and
microbubble treatment. The third nanoparticle-based drug delivery system
studied were the versatile core-crosslinked polymeric micelles (CCPM). The
potential of the novel microbubble platform Acoustic Cluster Therapy® (ACT) to
increase the delivery of the macromolecule IRDye® 800CW-PEG and CCPM to the
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murine brain was explored. ACT increased the permeability of the blood-brain
barrier significantly which also resulted in a significant increase in accumulation
and extravasation of the macromolecule and CCPM in the brain. The ACT-induced
increase in permeability of the blood-brain barrier was reversible and no tissue
damage was observed.

To be able to obtain a more mechanistic insight on for example the in vivo
behaviour of ACT in the brain, an intravital microscopy set-up was established
with help of experienced collaborators. This collaboration resulted in a
methodology paper which describes in detail the surgical and technical procedures
required to conduct in vivo multiphoton imaging simultaneously with ultrasound
and microbubble treatment. In addition, an overview of the type results that can
be acquired with this set-up is presented and the challenges and limitations of
the procedure are described.

To summarize, the increasing number of preclinical and clinical studies
demonstrates that many are convinced that ultrasound and microbubble
treatment could impact medicine by enhancing drug delivery and thereby
improving and enabling treatments of cancer and various brain diseases.
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ARTICLE INFO ABSTRACT

To improve therapeutic efficacy of nanocarrier drug delivery systems, it is essential to improve their uptake and
penetration in tumour tissue, enhance cellular uptake and ensure efficient drug release at the tumour site. Here
we introduce a tumour targeting drug delivery system based on the ultrasound-mediated delivery of enzyme
sensitive liposomes. These enzyme sensitive liposomes are coated with cleavable poly(ethylene glycol) (PEG)
which will be cleaved by two members of the enzyme matrix metalloproteinase family (MMP-2 and MMP-9).
Cleavage of the PEG coat can increase cellular uptake and will destabilize the liposomal membrane which can
result in accelerated drug release. The main aim of the work was to study the effect of focused ultrasound and
microbubbles on the delivery and therapeutic efficacy of the MMP sensitive liposome. The performance of the
MMP sensitive liposome was compared to a non-MMP sensitive version and Doxil-like liposomes. In vitro, the
cellular uptake and cytotoxicity of the liposomes were studied, while in vivo the effect of ultrasound and mi-
crobubbles on the tumour accumulation, biodistribution, microdistribution, and therapeutic efficacy were in-
vestigated. For all tested liposomes, ultrasound and microbubble treatment resulted in an improved tumour
accumulation, increased extravasation, and increased penetration of the liposomes from blood vessels into the
extracellular matrix. Surprisingly, penetration depth was independent of the ultrasound intensity used.
Ultrasound-mediated delivery of free doxorubicin and the Doxil-like and MMP sensitive liposome resulted in a
significant reduction in tumour volume 28 days post the first treatment and increased median survival. The MMP
sensitive liposome showed better therapeutic efficacy than the non-MMP sensitive version indicating that
cleaving the PEG-layer is important. However, the Doxil-like liposome outcompeted the MMP and non-MMP
sensitive liposome, both with and without the use of ultrasound and microbubbles.

Keywords:

Drug delivery system
Ultrasound-mediated delivery
MMP sensitive liposomes
Doxorubicin

Sonopermeation

1. Introduction

Successful treatment of cancer remains a challenge for many solid
tumour types. Conventional chemotherapy is used alone or in combi-
nation with other treatment modalities and is based on systemic ad-
ministration of drugs which often lacks cancer specificity, causing se-
vere side-effects. Furthermore, because of high accumulation in healthy
tissue and fast clearance rate of the small drug molecules, only a small
fraction of the injected dose (0.001-0.01%) reaches the tumour site
[1,2]. Therefore, new strategies are needed to obtain successful
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therapeutic response.

Drug loaded nanoparticles (NPs) have shown great potential as a
more specific anti-tumour treatment being able to exploit the enhanced
permeability and retention (EPR) effect in cancerous tissue and thereby
improving the delivery of drugs to tumours and reducing toxic effects
towards normal tissue [3,4]. Tumour tissue lacks lymphatic drainage
and due to uncontrolled growth of tumours, endothelial cells are poorly
aligned and have large fenestrations, resulting in leaky vasculature.
These anatomical irregularities result in leakage and accumulation of
components from the blood plasma into tumour tissue, which makes the
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EPR an interesting target for a more tumour specific therapy strategy
[3,5]. NPs have numerous other advantages over conventional ther-
apeutics such as less accumulation in healthy tissue and the possibility
for actively targeted delivery by adding targeting ligands to the NP
surface, in addition to protecting the drug from premature degradation,
reviving potentially poorly soluble drugs, controlled and sustained drug
release, and different pharmacokinetics and biodistribution compared
to small molecule drugs [6]. However, despite these promising features,
their therapeutic effect has been limited, partly by inadequate delivery
due to the heterogeneous EPR-effect, dense extracellular matrix, and
high interstitial fluid pressure in tumours [7-10].

Several preclinical studies have shown that ultrasound in combi-
nation with microbubbles improves the delivery, intratumoural dis-
tribution and therapeutic efficacy of drug loaded NPs in tumours
[11-16]. The improved therapeutic efficacy of chemotherapeutics after
ultrasound-mediated delivery has also been demonstrated in patients
with non-resectable pancreatic tumours and patients suffering from
glioblastoma [17,18]. In the acoustic field, the microbubbles expand
and compress during the low and high pressure phases, respectively.
This cavitation behaviour is known to increase the vascular perme-
ability since the oscillating and collapsing microbubbles form me-
chanical stresses on the blood vessel wall which can create both tran-
sient and permanent pores or even more extensive vascular damage
[19-21]. Furthermore, it has been shown that the use of focused ul-
trasound in combination with microbubbles can enhance endocytosis in
vitro [19,22]. All these ultrasound-mediated effects, also known as so-
nopermeation, will increase vascular permeability and thereby increase
extravasation and potentially improve penetration through the extra-
cellular matrix which could result in enhanced accumulation and dis-
tribution of NPs and drug in tumour tissue [23].

Several NP-based drug delivery systems have been developed in-
cluding polymeric, liposomal, viral and inorganic NPs [6]. These NPs
are often coated with polyethylene glycol (PEG) to shield them from the
immune system and thereby extending their circulation half-life sig-
nificantly compared to non-PEGylated NPs and small drug molecules,
resulting in an increased accumulation in tumour tissue [24]. In addi-
tion, PEGylation prevents aggregation of the NPs, and can have a
charge shielding effect resulting in a more neutral charge of the NP,
which may improve penetration through the extracellular matrix due to
reduced electrostatic interactions with extracellular matrix components
[25-27]. However, the presence of PEG on the surface of the NPs will
also affect the NP-cell interaction, resulting in reduced cellular uptake
and thereby potentially reducing the therapeutic efficacy [28,29].

To improve therapeutic outcome of current drug delivery systems, it
is essential to improve the delivery of drug carriers to and throughout
tumour tissue, enhance cellular uptake and ensure secure and efficient
drug release at the tumour site. In the present work, we introduce a dual
tumour targeting drug delivery system based on ultrasound-mediated
delivery of matrix metalloproteinase (MMP) sensitive liposomes coated
with PEG. Once delivered to the extracellular matrix of the tumour, the
PEG coat will be cleaved by two members of the enzyme MMP family
(MMP-2 and MMP-9) which are overexpressed in several cancer types
[30]. The cleaving is expected to improve the interaction between li-
posomes and tumour cells compared to PEGylated liposomes [28,29].
Furthermore, removal of the PEG coating can result in accelerated drug
release [29]. Based on the MMP sensitive liposome characteristics and
the potentially improved delivery to the tumour site using ultrasound in
the presence of microbubbles, it is hypothesized that this combination
will enhance therapeutic efficacy.

The main aim of the work was to study the effect of focused ultra-
sound in combination with microbubbles on the delivery and ther-
apeutic efficacy of the MMP sensitive liposome. The performance of the
MMP sensitive liposome (Cleavable) was compared to a non-MMP
sensitive version (NonCleavable) and a liposomal formulation the same
as the clinically used formulation Doxil®/Caelyx® (Doxil-like). First,
cellular uptake and cytotoxicity were studied in vitro by flow cytometry
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and a cell viability assay, respectively. Secondly, the effect of different
ultrasound settings on liposome uptake in tumours and normal organs
in mice was studied using a small animal optical imager, and the effect
on microdistribution in tumours was evaluated with confocal laser
scanning microscopy. Thirdly, the therapeutic efficacy of the drug
loaded liposomes was evaluated by measuring the growth of sub-
cutaneous tumours.

2. Material and methods
2.1. Peptide synthesis

The PEGylated cleavable lipopeptide (PCL) was synthesized as fol-
lows: The peptide H-Gly-Trp(Boc)-Ile-Pro-Val-Ser(tBu)-Leu-Arg-(Pbf)-
Ser(tBu)-Gly-Glu(tBu)-Glu(tBu)-Glu(tBu)-Glu(tBu)-PEG2p00 Was syn-
thesized on an Initiator Alstra peptide synthesizer (Biotage, Sweden)
using a TentaGel PAP,yo, resin. The resin was swelled in di-
chloromethane (DCM) for 1 hour. In general, couplings were carried out
for 5 minutes at 75 °C using 4 equiv. amino acid, 3.92 equiv. HATU and
8 equiv. 2,4,6-collidine in N,N-Dimethylmethanamide (DMF). Ile and
Leu were coupled twice to ensure conversion. The second coupling was
carried out for 30 minutes at room temperature. Also, Arg was coupled
for 30 minutes at room temperature. Ile, Val and Leu were coupled in N-
methylpyrrolidone (NMP). Fmoc deprotection was performed using
20% piperidine in DMF for 10 minutes. The peptide was cleaved for 3
hours using 95:2.5:2.5 trifluoroacetic acid (TFA)/triisopropyl silane/
water after which the cleavage solvent was removed under reduced
pressure and the peptide precipitated in diethyl ether. The cleaved
peptide was dissolved in 500:500:1 water/acetonitrile/triethylamine
(TEA) and lyophilized. The peptide was hereafter dissolved in NMP and
dried over molecular sieves in 3 mM concentration. 1.2 equiv. choles-
teryl chloroformate and 20 equiv. diisopropylethylamine were added to
the dissolved peptide and the solution was stirred. After 30 min the
concentration was diluted to 10% NMP with water and purified using
semipreparative high performance liquid chromatography (HPLC),
which was operated using a Waters 600 pump and controller, a Waters
2489 UV/Vis detector and a Waters XTerra C18 5 pm column
(30 x 250 mm). For lipopeptide elution, the following eluents were
used: Eluent (A) 5% acetonitrile, 0.1% TEA in water, Eluent (B) 0.1%
TEA in acetonitrile. A linear gradient was used for elution of the lipo-
peptide as a narrow peak with retention time (Rt) from 18-20 min was
obtained. The lipopeptide was lyophilized to give a white powder. The
purity of the compound was monitored by analytical HPLC using a
Waters XTerra C8 (4.6 X 150 mm) column. Eluent (A) was 5% acet-
onitrile, 0.1% TFA and Eluent (B) 0.1% TFA in acetonitrile. A linear
gradient from 0 to 100% eluent (B) over 15 min with flow rate 1 ml/
min was used. The purity was >96% and Rt 11.8 min. Molecular
weight was confirmed by use of MALDI-TOF MS (Bruker Reflex, Bruker
Daltonics, USA) observed (M+H™) 3983.9.

2.2. Liposome formulation and characterization

1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) and ovine
cholesterol (Chol) were purchased from Avanti Polar Lipids Inc. (USA).
Methoxy(polyethylene glycol)-2000-Cholesterol (mPEG2000-Chol) was
from Creative PEGWorks (USA). Stealth premix consisting of hydro-
genated Soy-L-a-phosphatidylcholine (HSPC), hydrogenated 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (mPEG2000-DSPE) and cholesterol in a weight ratio of
3:1:1: was purchased from Lipoid GmbH (Germany). To fluorescently
label the liposomes, 1,2-dioleoyl-sn-glycero-3-phospho-ethanolamine-
Atto488 (DOPE-Atto488) and 1,2-dipalmitoyl-sn-glycero-3-phos-
phoethanolamine-Atto700 (DPPE-Atto700) were used (ATTO-TEC
GmbH, Germany). The PEGylated cleavable lipopeptide was fabricated
in house as described in the previous section.

Liposomes were prepared using the molar compositions outlined in
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Table 1
Molar compositions [%] of the three different liposomes.
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Fluorophore labelled liposomes

Drug loaded liposomes

Doxil-like NonCleavable Cleavable Doxil-like NonCleavable Cleavable
POPC 59.6 59.6 60 60
HSPC 56.2 56.5
Chol 38.1 35 35 38.2 35 35
MPEG2000-DSPE 5.3 5.3
MPEG2000-CHOL 5 5
PCL 5 5
DOPE-Atto488 0.2 0.2 0.2
DPPE-Atto700 0.2 0.2 0.2

Abbreviations: POPC - 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocoline, HSPC — Hydrogenated soy 3-phosphocoline, CHOL — Cholesterol, DSPE - 1,2-Distearoyl-sn-
glycero-3phosphoetanolamine, PEG2k — Polyethylene glycol, PCL — PEGylated cleavable lipopeptide, DOPE-Atto488 — 1,2-Dioleoyl-sn-glycero-3-phosphoethanola-
mine-Atto488, DPPE-Atto700 — 1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine-Atto700.

Table 1. Appropriate amounts of the phospholipids were dissolved in a
mixture of t-Butanol:water (9:1), which was snap-frozen in liquid ni-
trogen and lyophilized overnight. The following day the thin lipid layer
was hydrated in a 10 mM HEPES 140 mM NaCl buffer or 250 mM
ammonium sulfate buffer (fluorophore labelled liposomes or doxor-
ubicin loaded liposomes respectively) and extruded by passing the
multilamellar vesicles through 100 nm polycarbonate filters to form
unilamellar vesicles. The temperature was kept at 40 °C for unsaturated
formulations (NonCleavable and Cleavable) and 65 °C for saturated
formulations (Doxil-like) throughout the hydration and extrusion pro-
cess. Liposomes hydrated with ammonium sulfate were dialyzed using
Slize-A-Lyzer cassettes (ThermoFisher, USA), pore size 10 kD versus a
10 mM HEPES 140 mM NaCl buffer. Subsequently, the dialyzed lipo-
somes were remote loaded with doxorubicin HCl (Lianyungang Gui-
vuan Chempharm Co., China) for 3 hours at 45 °C (unsaturated lipo-
somes) or 60 °C (saturated liposomes), at a drug-to-lipid ratio of 1:5.
Unencapsulated doxorubicin was removed by dialyzing the liposomes
using Slide-A-Lyzer dialysis cassettes (MWCO 10kD) versus HEPES
saline buffer (10 mM HEPES, 140 mM NaCl, pH7.4). The PEG cleavable
lipopeptide was post inserted to the corresponding formulations at
40 °C for 45 min.

The phosphor content of the liposomes was quantified using
Inductive Coupled Plasma Mass Spectroscopy (ICP-MS), employing
gallium as internal standard, while the doxorubicin content of the li-
posomes was quantified spectrophotometrically by measuring sample
absorption at 496 nm (Tecan Spark plate reader, Tecan Trading,
Switzerland). The hydrodynamic radius, polydispersity index (PDI) and
zeta potential of the liposomes were investigated using a Zetasizer ZS
(Malvern Panalytical Ltd., UK). The liposomes were diluted to 100 uM
using HEPES saline buffer (10 mM HEPES, 140 mM NaCl) for DLS
measurements and 10 mM HEPES 5% w/v glucose for zeta potential
measurements.

Phospholipids labelled with Atto488 and Atto700 (see Table 1) were
incorporated in the liposomes to measure the microdistribution and
tissue uptake of liposomes, respectively. The fluorescence intensity of
the three liposomes was compared by measuring the fluorescence in-
tensity of Atto488 and Atto700 in dilution series of the liposomes using
a spectrofluorometer (SpectraMax i3x, Molecular Devices, USA) and a
small animal optical imager (Pearl Impulse imager, LI-COR Biosciences
Ltd., USA). Results from the dilution series measured by the small an-
imal optical imager were compared to in vivo fluorescence intensity
measurements. For the spectrofluorometer experiments, the liposome
solutions were excited with 480 + 9 nm and 680 + 9 nm and emissions
were detected at 505 *+ 20 nm and 705 * 20 nm, for respectively
Atto488 and Atto700. For experiments with the small animal optical
imager, the Atto700-liposomal solutions were excited with 685 nm and
fluorescence emission was detected at 720 nm.
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2.3. In vitro cleavage of the MMP sensitive liposomes

The protease thermolysin has the same substrate specificity as MMP-
2 and MMP-9, and is therefore suitable for cleavage of the liposomes in
vitro [31]. 20 pl of liposomes were mixed with 6 ng/ml thermolysin in
180 pl of enzyme activation buffer which consists of HEPES-buffered
saline (50 mM HEPES, 100 mM NaCl, pH 7.4) supplemented with 1 mM
CaCL, and 2 uM ZnCl,. All chemicals were purchased at Sigma-Aldrich
(USA). The cleavage was performed over night at 37 °C.

2.4. Cell culture

Prostate adenocarcinoma cells (PC3, ATCC, USA) were cultured in
Dulbecco’s modified Eagle medium (Sigma-Aldrich, USA) with 10%
fetal bovine serum (Sigma-Aldrich, USA). Cells were kept at 37 °C and
5% CO, and maintained in exponential growth. 1% penicillin/strepto-
mycin (Sigma-Aldrich, USA) was added to the growth medium of cells
implanted in mice and the in vitro cytotoxicity study.

2.5. Cellular uptake of liposomes

50 000 PC3 cells/well were seeded in 24-well plates (VWR, USA).
Seventy-two hours post seeding, cells were incubated with 50 pug/ml of
doxorubicin loaded liposomes (Doxil-like, NonCleavable, Cleavable) for
4 hours at 37 °C and 5% CO, before washing 3 times with PBS, tryp-
sinizing (Sigma-Aldrich, USA) and placing the cell suspension on ice
until flow cytometry analysis. To study the effect of cleavage of the
Cleavable liposome on the cellular uptake, both the intact and cleaved
version (thermolysin treated) of the Cleavable liposome were included.
To evaluate if any dye leakage (doxorubicin) occurred, cells were in-
cubated with 50 ug/ml of doxorubicin loaded liposome solution for 4
hours at 4 °C. No endocytosis is expected at this temperature such that
stained cells are most likely stained due to free drug [32].

Liposomal uptake was evaluated by flow cytometry (Gallios,
Beckman Coulter, USA). A 488 nm laser was used for excitation of
doxorubicin and emission was detected at 585 * 15 nm. Gating on the
side versus forward scatter plot was applied to exclude dead cells,
debris and cell aggregates. Kaluza Flow Cytometry analysis software
v1.3 (Beckman Coulter, USA) was used to determine the percentage of
fluorescent cells and mean fluorescence intensity corresponding to
cellular uptake of liposomes.

2.6. In vitro cytotoxicity study

The metabolic assay based on AlamarBlue was used to measure cell
viability. 10 000 PC3 cells/well were seeded in a black 96 well plate
with transparent bottom (Corning Inc., Sigma-Aldrich, USA). Twenty-
four hours after seeding, cells were incubated with either the drug
loaded liposomes or free doxorubicin (Accord Healthcare, UK) for 24
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hours at 37 °C with 5% CO,. For both free and encapsulated doxor-
ubicin, concentrations between 0.001 pg/ml and 100 pg/ml, were used.
After treatment, cells were rinsed 3 times with growth medium. The
growth medium was replaced by 100 pl of AlamarBlue (1:10 dilution in
growth medium) (Thermo Fisher Scientific, USA) 24 hours later, and
incubated for 3 hours. Fluorescence was measured with a spectro-
fluorometer (SpectraMax i3x, Molecular Devices, USA) with excitation
at 560 nm and detection of emission at 590 nm. Cell viability was
calculated by dividing the fluorescence intensity of the treated wells by
the fluorescence intensity of wells with untreated cells. A four-para-
meter logistic curve was fitted to the datapoints with SigmaPlot (v14.0,
Systat Software Inc., USA).

2.7. Animals and tumour inoculation

Female Balb/c nude mice (Janvier labs, France) were purchased at
8 weeks of age. Mice were housed in groups of 5 in individually ven-
tilated cages under conditions free of specific pathogens at a 12-hour
night/day cycle. Cages were kept in a controlled environment
(20-23 °C, humidity of 50-60%) and the mice had free access to food
and sterile water. They were fed RM1 expanded pellets (Special Diets
Services, UK), and the cages were enriched with housing, nesting ma-
terial and gnaw sticks. All experimental procedures were approved by
the Norwegian Food Safety Authority.

Before tumour implantation, mice were anesthetized with 2-3%
isoflurane. 50 pl of medium containing 3x10° PC3 cells was slowly
injected subcutaneously between the hip and the knee on the lateral
side of the left hind leg. Tumours were measured with a calliper 3 times
per week and the weight of the animals was closely monitored. Tumour
volume was calculated by [ * w? %, where [ and w are the length and
width of the tumour, respectively.

Before ultrasound experiments, mice were anesthetized by a sub-
cutaneous injection (0.1 ml/10 g of bodyweight) of fentanyl (0.05 mg/
kg, Actavis Group, USA), medetomidine (0.5 mg/kg, Orion Pharma,
Finland), midazolam (5 mg/kg, Accord Healthcare, UK) and water
(2:1:2:5). Thereafter a catheter was placed in the lateral tail vein. In
case needed, a subcutaneous injection (0.1 ml/10 g of body weight) of
atipemazol (2.5 mg/kg, Orion Pharma, Finland), flumazenil (0.5 mg/
kg, Fresenius Kab, USA) and water (1:1:8) was used as antidote. The
mice received a subcutaneous injection of 0.5 ml saline before waking
up to counteract the incurred dehydration. Body temperature was
maintained by external heating and eyes were kept moist with
Viscotears Liquid Gel (Alcon, USA). After treatment, the animals were
placed in a recovery rack (28 °C) until the next morning to recover from
the anaesthesia and avoid hypothermia. At the end of experiments, the
anesthetized mice were euthanized by cervical dislocation.

2.8. Ultrasound set-up, microbubbles and passive cavitation detection
A custom-made single element focused transducer (Imasonic,

France) with a centre frequency of 1.0 MHz was mounted on the bottom
of a water tank (see Fig. 1). The transducer had a diameter of 50 mm
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and a focal distance of 125 mm. Signals were generated with a signal
generator (33500B, Agilent Technologies, USA) and amplified with a
50 dB RF amplifier (2100L, E&I, USA).

Animals were placed on top of the lid of the tank and the tumour
bearing leg was positioned through a circular hole in the lid and in the
far field of the ultrasound transducer at a distance of approximately
190 mm. The 3 dB and 6 dB beam widths at 190 mm distance are 6 and
10 mm, respectively, thereby exposing the whole tumour. The water-
side of the lid was covered with acoustic absorber material to avoid
standing waves. To avoid hypothermia of the animal, water in the tank
was heated to 32 °C and a heating lamp was placed above the mouse.
Animals exposed to ultrasound received a 100 ul bolus injection of
SonoVue™ microbubbles (Bracco Imaging, Italy) directly after an in-
travenous bolus injection of liposomes, after which ultrasound treat-
ment was started within 5 seconds.

The in vivo cavitation behaviour of the SonoVue™ microbubbles
was detected with a 5.0 MHz unfocused transducer (Harisonic, 0.75
inch diameter, 17-0512-P, Olympus, USA) which was placed in a
custom-made holder in the corner of the tank facing the tumour leg.
The detected backscatter signal was recorded by an oscilloscope
(LeCroy WaveRunner 44Xs, LeCroy corporation, USA) with a sampling
frequency of 100 MS/s and transferred to a PC for processing in Matlab
(version R2018A, Mathworks Inc, USA). The frequency content of the
signals was calculated and displayed real time, enabling visual in-
spection of an expected increase in harmonic signals (stable cavitation)
and broadband level rise (inertial cavitation).

2.9. Ultrasound-mediated delivery of the three liposomes

Subcutaneous prostate cancer tumours were grown in 40 mice, and
mice were included when the tumours had reached an average size of
200-300 mm>. For each type of liposome, the animals were randomly
divided into 3 treatment groups (Table 2).

Each animal received an 100 pl intravenous bolus injection of 6 mM
of liposome solution. Mice exposed to ultrasound, received 100 pl of
SonoVue™ microbubbles followed with 2 minutes of ultrasound with
either a mechanical index (MI) of 0.4 or 0.8 (0.4 or 0.8 MPa peak ne-
gative pressure), with ultrasound pulses of 10 000 cycles and pulse
repetition frequency of 0.5 Hz.

Three hours post injection of liposomes, functional blood vessels
were stained by injecting 100 ul of lectin (Ulex europaeus-Atto 594
conjugate, Sigma-Aldrich, USA) which was allowed to circulate for
5 min before euthanizing the animal.

2.10. Tumour accumulation and biodistribution of liposomes — Small
animal optical imager

Tumour accumulation of the liposomes was obtained by imaging
animals with a small animal optical imager (Pearl Impulse imager, LI-
COR Biosciences Ltd., USA) at different timepoints post treatment. The
Atto700 dye in the liposomes was excited at 685 nm and emission was
detected at 720 nm. In addition to the fluorescence image, a bright field

>.< 5 PC3 tumour

[zezezerezezerecezesere R e— A til material
Ultrasound transducer 190
. 1.0 MHz centre mmy

frequency
. Duty cycle 0.5%
L 2-minute treatment time
Cavitalion detection system
Pressure and number of cycles Unfocuse 4 5.0 MHz “a:: Jlicer
depend on the experiment
conducted
Water Oscilloscope — PC with MATLAB

Fig. 1. Schematic illustration of the ultrasound set up.
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Table 2
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Treatment groups to study the effect of ultrasound and microbubbles on tumour accumulation, biodistribution and microdistribution of the three liposomes.

(D =Doxil-like, NC=NonCleavable, C=Cleavable).

Group Liposome Mechanical index Number of cycles Pulse repetition frequency [Hz] Treatment time [min] Number of mice
1 D - - - - 3
2 D 0.4 10 000 0.5 2.0 5
3 D 0.8 10 000 0.5 2.0 5
4 NC - - - - 3
5 NC 0.4 10 000 0.5 2.0 5
6 NC 0.8 10 000 0.5 2.0 5
7 C - - - - 4
8 C 0.4 10 000 0.5 2.0 5
9 C 0.8 10 000 0.5 2.0 5

image of the animal was recorded. At each timepoint, a region of in-
terest (ROI) around the tumour was drawn on the bright field image,
transferred to the fluorescence image and the average fluorescence in-
tensity of the ROI was obtained. The tumour fluorescence intensity as a
function of time was normalized to the fluorescence intensity at t=0
(first recorded image approximately 5 minutes after injection of the
liposomes).

The biodistribution of NPs was obtained by excising the spleen,
kidneys, liver, lungs, heart and tumour. Both a fluorescence and a
bright field image of the organs were obtained. An ROI was drawn
around each organ and the total fluorescence intensity was normalized
by the wet weight of the organ or tumour. The fluorescence intensity
per gram of tissue was plotted per liposome and treatment group.
Fluorescence intensity values for the biodistribution were corrected
based on the observed differences in fluorescence intensity of the
Atto700 between the three liposomes.

2.11. Microdistribution — Confocal imaging of tumour sections

Excised tumours were cut along the coronal plane. One half was
mounted with the cutting plane down on a piece of cork and covered
with OCT Tissue Tek (Sakura, The Netherlands) before submerging the
sample in liquid nitrogen and storing at —80 °C. The other half was
fixed in 4% paraformaldehyde for histological evaluation.

Of the frozen tissue samples, the first 1000 um was removed after
which 4 sections of 25 pm thickness for confocal imaging and 1 section
of 4 um thickness for histological evaluation were taken. These 5 sec-
tions were made at 5 different levels in the tumour, separated by
300 pm.

Microdistribution of the liposomes was imaged by confocal laser
scanning microscopy (CLSM). Prior to imaging, the section was thawed
at room temperature, mounted with Vectashield containing DAPI
(Vector Laboratories, USA), covered with a cover glass and sealed with
nail polish. The DAPI staining was used to distinguish between tumour
and healthy tissue. All sections were imaged with a Leica TCS SP8
confocal microscope equipped with a white light laser (Leica
Microsystems, Germany) and a multiphoton laser (Chameleon Vision-S,
Coherent, USA) and using a 40X/1.10 water objective. DAPI was ex-
cited with the multiphoton laser at 730 nm and emission was detected
at 400-450 nm. Sequentially, the Atto488 in the liposomes and the
Atto594 from the blood vessel staining were excited with a white light
laser at 500 and 600 nm, respectively. Fluorescence of these two dyes
was detected at 515-555 nm and 615-655 nm, respectively. An optical
section of 4 pm was used and the laser intensity and detector gain were
kept the same for all sections.

Sections were inspected through the ocular by viewing only the
blood vessel channel and images were taken whenever stained blood
vessels were found without knowing whether liposomes were present or
not. From each treatment group, sections at three different levels from
the tumour of three animals per treatment group were imaged resulting
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in 80-110 images per treatment group (approximately 7-14 images per
section).

2.12. Microdistribution — Quantification of extravasation

Images taken with the CLSM (see Supplementary Fig. S1A) were
processed and analysed in ImageJ and MATLAB (version R2018A,
Mathworks Inc, USA). The blood vessel and liposome images were
thresholded based on the ImageJ built-in threshold ‘Triangle’ (see
Supplementary Fig. S1B). From the thresholded blood vessel channel, a
distance map image was calculated in which the intensity of each pixel
represents the distance of that specific pixel to the nearest blood vessel
pixel in number of pixels (see Fig. S1C). This distance map image was
multiplied pixel by pixel with the thresholded binary liposome image
resulting in a distance map image for just the pixels representing ex-
travascular liposomes (see Fig. S1D). From each image a histogram was
created to assess the distance travelled by the liposomes and the dis-
tance travelled was converted from number of pixels to micrometre (1
pixel =0.6 um) (see Fig. S1E).

Several histograms showed small but clear peaks at distances far
from the blood vessel wall. It is expected that these peaks are caused by
liposomes from blood vessels that were above or below the imaged
plane or blood vessels that were not functional at the time the lectin
was circulating, and these peaks were excluded. Thereafter, the average
number of pixels at each distance from the blood vessel of the whole
dataset was calculated and plotted per liposome and treatment group.

2.13. Therapeutic efficacy study

Mice were included in the therapeutic efficacy study once the tu-
mours had reached a size of 100-200 mm?, 3-4 weeks after inoculation.
A total of 55 mice were randomly distributed in the nine different
treatment groups (see Table 3).

Untreated control animals received a sham saline injection of
200 pl. Mice getting treatment received a doxorubicin dose of 6 mg/kg
by intravenously injecting either the doxorubicin loaded liposomes or
the free drug doxorubicin (Doxorubicin Hydrochloride, Accord

Table 3

The nine treatment groups during the therapeutic efficacy study.

(FUS =Focused ultrasound treatment in the presence of microbubbles).

Abbreviation Number of mice

Treatment —FUS +FUS —FUS +FUS
Saline Saline - 7 -
Doxil-like D D + FUS 7 5
NonCleavable NC NC + FUS 6 6
Cleavable C C + FUS 5 6
Doxorubicin DOX DOX + FUS 6 7
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Healthcare, UK). Groups not exposed to ultrasound and microbubbles
(-FUS), received a 100 pl sham saline injection while groups exposed to
ultrasound received 100 pl SonoVue™ microbubbles followed by an
ultrasound treatment with an MI of 0.8 and pulses with 10 000 cycles
(+FUS). Animals received this treatment once a week for three con-
secutive weeks (day 0, 7 and 14).

Tumour sizes were measured with a calliper three times a week and
the weight of the animals was closely monitored. Mice were euthanized
when the tumour length exceeded 15 mm. Animals that showed a re-
duced tumour growth with respect to the saline group for at least 7
consecutive days were defined as responders.

2.14. Statistical analysis

Statistical analysis on all datasets was performed with Sigmaplot
(v14.0, Systat Software Inc., USA). Datasets were first tested for nor-
mality and equal variance with the Shapiro-Wilk test and Brown-
Forsythe test, respectively. If the dataset passed for both tests, a t-test
was performed to test for statistical significance between two treatment
groups. Otherwise a Mann-Whitney rank sum test was used to assess
statistical significance between datasets. A p-value smaller than 0.05
was considered to indicate statistical significance.

3. Results
3.1. Characterization of liposomes

Characteristics such as size, polydispersity index (PDI), zeta poten-
tial and loading of doxorubicin are shown in Table 4. A circulation half-
life time of 2.9, 4.0 and 3.2 hours were observed for the Doxil-like,
NonCleavable and Cleavable liposome, respectively (see Table S1 and
Fig. S2). Different batches of the liposomes were used for the in vitro
and in vivo experiments.

The effect of thermolysin on size, PDI and zeta potential of the three
liposomes has been studied (Supplementary Fig. S3). Small differences
in size or zeta potential between the liposomes were found.

The fluorescence intensity of the Atto700 dye were measured by the
small animal optical imager of liposomes in solution and in vivo in the
non-tumour bearing leg, and shown in Supplementary Fig. S4A and B,
respectively. A large difference in fluorescence intensity between the
three types of liposomes was observed. The NonCleavable liposomes
showed fluorescence intensities that were approximately 3.7x and 1.9x
higher than those of the Doxil-like and Cleavable liposomes, respec-
tively. The differences observed in solution corresponded well with the
in vivo data obtained 5 minutes after injection of the liposomes. The
fluorescence intensity of the Atto488 and Atto700 was also measured

Table 4

The average diameter, G-potential and PDI for the fluorophore labelled and doxorubicin loaded liposomes.

vitro, in vivo tumour accumulation and therapeutic efficacy study.

Journal of Controlled Release 325 (2020) 121-134

with a spectrofluorometer (Supplementary Fig. S5) and corresponded to
Fig. S4.

3.2. Cellular uptake and in vitro cytotoxicity of doxorubicin loaded
liposomes

The uptake of the liposomes by PC3 cells after 4 hours of incubation
at 37 °C was evaluated by flow cytometry and the results are shown in
Fig. 2A. 90% of the cells had taken up the NonCleavable liposome,
followed by the Cleavable and Doxil-like liposomes with 68% and 26%
of cellular uptake, respectively. The mean fluorescence intensity of the
cells incubated with liposomes increased by a factor of 3.9x to 5.5x with
respect to untreated autofluorescence values (see Fig. 2B). Both the
cellular uptake (%) and the mean fluorescence intensity increase were
significantly different from autofluorescence and between the different
liposomes. Incubating at 4 °C for 4 hours did not result in any cellular
uptake of the liposomes while free drug doxorubicin showed clear up-
take. This indicates that there was no free drug (doxorubicin) in the
liposomal solutions (data not shown).

The in vitro toxicity of the three doxorubicin loaded liposomes and
free doxorubicin are shown in Fig. 2C. A reduction in cell viability was
observed for increasing concentrations of encapsulated and free drug.
For most of the concentrations tested, the NonCleavable and Cleavable
liposomes showed a similar effect on the cell viability as free doxor-
ubicin. A higher concentration of the Doxil-like liposome was needed to
reduce cell viability.

The effect of cleavage of the PEG-layer of the Cleavable liposome on
the cellular uptake has been studied (Supplementary Fig. S6). The
figure shows that the enzyme activation buffer without the enzyme
added to the growth medium reduced the cellular uptake from 68% for
the Cleavable liposome in just growth medium to 38%. Adding the
enzyme thermolysin significantly increased the cellular uptake to 55%.
A reduced cellular uptake of the NonCleavable liposome was observed
after adding the activation buffer without the enzyme. Adding the en-
zyme had no effect on the cellular uptake. The cellular uptake of the
Doxil-like was not affected by neither adding the buffer nor the buffer
and the enzyme.

3.3. Ultrasound-mediated tumour accumulation of fluorophore labelled
liposomes

The effect of ultrasound and microbubbles on tumour accumulation
of the three fluorophore labelled liposomes is shown in Fig. 3. Ultra-
sound settings used were based on the previous obtained results
showing large tumour accumulation of the liposomes using an MI of 0.8
with pulses of 10 000 cycles and intermediate tumour accumulation of

Different batches of the liposomes were used for the in

Doxorubicin Loaded - Cellular uptake + cytotoxicity Diameter [nm] G-potential [mV] PDI Dox to lipid ratio [pmol dox/umol lipid]
Doxil-like 128 —14.6 * 0.9 0.063 = 0.009 0.23
NonCleavable 123 —-11.4 = 04 0.054 = 0.008 0.24
Cleavable 140 -17.6 £ 0.6 0.059 = 0.025 0.24
Fluorophore Labelled - Microdistribution + Biodistribution

Doxil-like 126 —13.4 £ 0.5 0.035 = 0.007 -
NonCleavable 155 -38 1.2 0.102 = 0.020 -
Cleavable 160 —-13.7 £ 1.2 0.044 = 0.015 -
Doxorubicin Loaded - Therapeutic efficacy study

Doxil-like 105 —5.4 + 0.5 0.055 = 0.019 0.20
NonCleavable 94 -55 % 0.1 0.081 * 0.007 0.24
Cleavable 127 —-12.7 £ 0.2 0.068 = 0.020 0.27
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Fig. 2. (A) Cellular uptake of liposomes in percentage and (B) mean fluorescence intensity normalized to autofluorescence after 4 hours of incubation. Mean and
standard deviation are based on the averages of n= 3 experiments (three replicates each). (D =Doxil-like, NC=NonCleavable, C = Cleavable) (C) Cytotoxicity of the
drug loaded liposomes and free drug doxorubicin for PC3 cells after incubation of 24 hours at 37 °C and a recovery time of 24 hours before applying the AlamarBlue
assay. A four-parameter logistic curve was fitted to the datapoints. Mean and standard deviation are based on the averages of n=3 experiments (three replicates

each).

the liposomes using MI=0.4 with 10 000 cycles (Supplementary Fig.
S7).

Representative images taken at t=0 (approx. 5 minutes after
treatment) and t=3 hours post injection of the Cleavable liposomes
with and without ultrasound treatment are shown in Fig. 3A. The
fluorescence intensity relative to fluorescence intensity at t=0 of the
tumour ROI as function of time are shown in Fig. 3B-D. Ultrasound and
microbubbles increased the tumour uptake of all liposomes, but to
different extents. A statistically significant increase in relative fluores-
cence intensity could be observed at all timepoints (t>0). All ultra-
sound-treated groups reached their maximum intensity at 0.5 hours
post injection of the liposomes. The increase in relative fluorescence
intensity was most profound for the NonCleavable liposome of which
the groups treated with an MI of 0.4 and 0.8 reached average peak
values of 1.7 and 2.2, respectively. The Doxil-like and Cleavable lipo-
some responded similarly and the MI=0.4 and MI=0.8 ultrasound
treatment groups reached a maximum relative fluorescence intensity of
1.2-1.3 and 1.5, respectively.

Three hours post injection, the tumour accumulation of all lipo-
somes was reduced (Fig. 3D), but the ultrasound treated groups still had
higher fluorescence intensity than the corresponding groups without
ultrasound treatment (Only-LPs). Even though the NonCleavable lipo-
some showed the highest increase of relative fluorescence intensity at
0.5 hours post injection, at 3 hours post injection, the relative fluor-
escence intensity values of the MI= 0.8 group differed minimally from
the other two MI=0.8 groups. The Only-LPs and MI= 0.4 group of the
NonCleavable liposome showed lower values than the Doxil-like and
Cleavable liposome. The relative fluorescence intensity readings of the
groups treated with ultrasound in combination with the Doxil-like or
Cleavable liposome reached similar values at 3 hours post injection and
treatment. The decrease of fluorescence intensity over time is expected
to be due to elimination of the liposomes from the circulation and by
liposome clearance in the tumour.

3.4. Biodistribution of liposomes

Fig. 4 shows the biodistribution of the three liposomes in the dif-
ferent treatment groups. Fluorescence intensity per gram of tissue is
displayed for the various organs and tumour. Here, the fluorescence
intensity has been corrected based on fluorescence intensity differences
of the Atto700 dye between the three different types of liposomes.

The Doxil-like and Cleavable liposome showed a similar biodistribution
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profile in the various organs, while the NonCleavable liposome showed
lower fluorescence intensity values for most organs. Furthermore, highest
fluorescence intensities for all three liposomes were observed in the lungs
followed by the spleen, liver, kidneys and heart.

An increase in fluorescence intensity in the tumour could be ob-
served when ultrasound and microbubbles were used in combination
with the liposomes. The effect of ultrasound and microbubbles seemed
to be minimal for the Doxil-like liposome. Only the MI=0.8 group of
the NonCleavable liposome showed a statistically significant increase
with respect to the Only-LPs treatment group (p <0.05). For most or-
gans, ultrasound and microbubbles did not change the biodistribution
profile. Only the MI=0.4 group of the Doxil-like and NonCleavable
liposome showed a significant reduction in fluorescence intensity with
respect to the Only-LPs treatment group in the liver and kidneys, re-
spectively (p<0.05).

3.5. Microdistribution of liposomes

The microdistribution of liposomes was imaged by CLSM of frozen
tumour sections. Representative images from a tumour in the control
group and a tumour treated with MI= 0.8 ultrasound and microbubbles
are shown in Fig. 5A-B, respectively. An increased prevalence of per-
meation of the liposomes into the extracellular matrix of the tumour
can be observed.

A more quantitative analysis of the CLSM images revealed more details
regarding the extravasation and distance travelled by the liposomes into
the extracellular matrix of the tumour. From the CLSM images, the number
of pixels representing extravasated liposomes was summed per image and
plotted per treatment group and liposome as a boxplot (see Fig. 5C). The
number of pixels representing extravascular liposomes increased when ul-
trasound and microbubbles were used. For all liposomes, the increase in
number of pixels representing extravasated liposomes was minimal for the
MI = 0.4 group but was more profound for the MI= 0.8 group. In case of the
Doxil-like liposome, amount of extravasation in both ultrasound treatment
groups was statistically significant with respect to the Only-LPs treatment
group. This was only the case for the MI=0.8 group of the NonCleavable
and Cleavable liposome.

Comparing the three liposomes, mice treated with the Cleavable
liposome showed higher number of pixels representing extravasated
liposomes in both the Only-LPs treatment group and both ultrasound
treatment groups than mice receiving the Doxil-like or NonCleavable
liposome.
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Fig. 3. (A) Representative images taken at t=0 (~5 minutes) and 3 hours post injection of the liposomes of animals treated with and without ultrasound. White
dashed line depicts the tumour ROI (B-D) The mean relative fluorescence intensity of tumour ROI as function of time for the Doxil-like, NonCleavable and Cleavable
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indicated with asterisks (*p<0.05, ***p<0.001).

The effect of ultrasound and microbubbles on the displacement of
liposomes from the blood vessels are shown in Fig. 5D-F for the Doxil-
like, NonCleavable and Cleavable liposome, respectively. When ultra-
sound was used, liposomes were observed up to approximately 65 um
away from the blood vessel, independently of which MI and liposome
were used. In the case of the Doxil-like and NonCleavable liposome, a
doubling of distance travelled could be observed after exposure to ul-
trasound in the presence of microbubbles. The Cleavable liposomes
seemed to extravasate and penetrate well without help of ultrasound
and microbubbles compared to the Doxil-like and NonCleavable lipo-
some, since in the Only-LPs treatment group, liposomes were observed
up to approximately 60 um distance from the blood vessel.
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3.6. Therapeutic efficacy

A treatment study was performed to assess whether the improved
delivery of liposomes by ultrasound could improve the therapeutic re-
sponse. Tumours were treated with ultrasound of MI=0.8 in the pre-
sence of microbubble as this treatment showed highest tumour uptake
of liposomes. The relative tumour growth curves of individual animals
treated with the Doxil-like, NonCleavable, Cleavable liposome and free
doxorubicin are shown in Supplementary Fig. S8A-D, respectively.
Animals that showed a reduced tumour growth with respect to the
saline group for at least 7 consecutive days were defined as responders.
Mice were euthanized when the tumour length exceeded 15 mm. The
tumour growth, number of responders and median survival of the dif-
ferent treatment groups are summarized in Table 5. No significant
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animals.

weight loss, which is a common side effect of cytostatic drugs, was
observed for any of the treatments (see Supplementary Fig. S9).

Except for one animal in the control group, most control animals
were euthanized between day 28 and 35. Therefore, the mean tumour
growth for the first 28 days are shown in Fig. 6A. Solid lines indicate the
Only-LPs or free drug treated groups, while the dashed lines indicate
ultrasound treated groups. Comparing the control group (saline) with
the Doxil-like + FUS, Cleavable + FUS and DOX + FUS treatment groups,
a statistically significant reduction in tumour growth was found (58%,
39% and 21%, respectively). Surprisingly, the mice given the free drug
had statistically larger tumours with respect to the control animals
(+37%) at day 28. When comparing the Only-LPs or free drug treat-
ment with the corresponding ultrasound treatment (-FUS vs +FUS), a
statistically significant difference in tumour volume at day 28 was ob-
served for the Doxil-like liposome and free drug treatment.

Of the Only-LPs and only free drug treatment groups, animals treated
with the Doxil-like liposome showed the highest number of responders
(4/7) followed by the Cleavable (2/5), NonCleavable (2/6) and Free
Doxorubicin group (0/6). Using ultrasound and microbubbles in addition
resulted in an increased number of responders in all treatment groups
with again the highest number of responders for the Doxil-like liposome,
i.e. 4 out of 5 of which 2 survived until the end of the study (100 days
after first treatment) of which 1 was in full remission. The number of
responders for the Cleavable, NonCleavable and Free doxorubicin treat-
ment group increased to 4/6, 4/6 and 3/7, respectively.

The Kaplan-Meier plot in Fig. 6B represents the survival of the an-
imals. Ultrasound and microbubbles combined with injection of the
liposomes or free drug, resulted in a prolonged median survival but to
different extents. Doxil-like + FUS (51 days, p=0.003), Cleavable +FUS
(40.5 days, p=0.029) and DOX + FUS (42 days, p=0.037) resulted in a
significantly prolonged survival compared to the control group
(32 days, saline). Of the Only-LPs treatment groups, only the Doxil-like
liposome resulted in statistically significant increase (39 days, p=0.05)
in survival with respect to the control group (32 days, saline). In case of
Doxil-like liposomes, there was a borderline significance between the
Only-LPs and ultrasound treatment group (p=0.055).
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4. Discussion
4.1. Cellular uptake and cytotoxicity

Successful therapeutic response requires efficient cellular uptake and
cytotoxicity of the drug-loaded liposomes. The three liposomes were taken
up by the cells to various degrees, where NonCleavable performed best,
followed by the Cleavable and Doxil-like liposome. The cytotoxicity study
showed that both the encapsulated and free drug reduced cell viability,
demonstrating the sensitivity of the PC3 cell line to the drug.

Both cellular uptake and cytotoxicity of the liposomes depend on cell-
liposome interactions which are based on liposome properties like size
and charge [33]. The liposomes used showed only minimal differences in
size and charge which therefore cannot fully explain the results obtained.
A possible explanation for the obtained differences in cellular uptake and
cytotoxicity can be the differences in lipid compositions of the liposomal
formulations. Both the Cleavable and NonCleavable liposomes contain
unsaturated lipids which have reduced alignment due to the tail being
kinked and thereby pack less tightly whilst saturated lipid tails can
readily align and pack tightly. The reduced alignment of the unsaturated
lipid tails leads to unsaturated bilayers having less rigidity than saturated
bilayers (Doxil-like) leading to a faster rate of drug release [34]. This
could have caused higher cellular doxorubicin fluorescence compared to
the Doxil-like liposome as well as similar cytotoxicity profiles of the
NonCleavable and Cleavable liposomes and the free drug.

Enzymatic removal of PEG increased the cellular uptake of the
Cleavable liposomes compared to Cleavable liposomes treated with the
same activation buffer without thermolysin, demonstrating that the
PEG layer can prevent cellular uptake which has also been reported by
others [28,29]. Thermolysin had no effect on the cellular uptake of the
NonCleavable or Doxil-like liposomes, showing that the thermolysin
specifically cleaved the PEGylated cleavable lipopeptide. Incubating
PC3 cells with either the NonCleavable or Cleavable liposome in growth
medium containing the enzyme activation buffer without thermolysin
resulted in a reduced cellular uptake which indicates that adding the
enzyme activation buffer to the growth medium potentially changed
the metabolic activity and/or cellular uptake mechanisms of the PC3
cells. Most likely due to dilution of the growth medium or the com-
position of the enzyme activation buffer.
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*p<0.001) (D-F) The average number of liposomes as a function of the

distance travelled from the blood vessels, for the Doxil-like, NonCleavable and Cleavable liposomes, respectively.

4.2. Effect of ultrasound and microbubbles on the tumour accumulation of

liposomes

Ultrasound in the presence of microbubbles resulted in a significant
increase in accumulation of all three liposomes in tumours compared to
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the Only-LPs treatment groups. The Doxil-like and Cleavable liposome
showed similar relative accumulation kinetics, while the NonCleavable
liposome showed higher accumulation. 3 hours post treatment the
NonCleavable liposome showed similar relative accumulation com-
pared to the other two liposomes.
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Table 5
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The mean tumour volume at day 28, number of responders and median survival of the different treatment groups. Asterisks indicate statistical significance with
respect to the saline group (D = Doxil-like, NC=NonCleavable, C= Cleavable, DOX =Free doxorubicin) (*p<0.05, **p<0.01, ***p<0.001).

Treatment Mean tumour volume at day 28 [mm?®] Tumour volume w.r.t. saline at day 28 [%] Nr. Responders Median survival [Days]
—FUS +FUS —FUS +FUS —FUS +FUS —FUS +FUS

Saline 888 + 136 - - - - - 32 -

D 741 + 403 372 + 150 *** —-17% —58% 4/7 4/5 39 * 51 **

NC 781 + 98 701 + 216 —12% —21% 2/6 4/6 32,5 35

C 832 + 93 539 + 225 * —6% —39% 2/5 4/6 35 40.5 *

DOX 1236 + 207 * 698 + 117 * +39% —21% 0/6 3/7 31 42 *

The fluorescence in the tumour ROI will originate from both lipo-
somes still in circulation and liposomes that have extravasated.
Assuming that the ultrasound treatment does not change the circulation
properties of the liposomes, the increase in relative fluorescence in-
tensity can be attributed to sonopermeation effects.

Microbubbles are constrained to the blood vessels, and their in vivo
behaviour depends on the ultrasound parameters (frequency, pressure,
pulse duration, pulse repetition), microbubble properties (size, shell
properties, concentration) and in vivo conditions like vessel diameter,
vascular structure and viscosity of the blood [21,35-37]. Microbubbles
exposed to ultrasound can undergo stable volumetric oscillations, also
known as stable cavitation, or more radical oscillations resulting in a
violent collapse of the bubble which is known as inertial cavitation. It
has been shown that stable cavitation causes microstreaming, improves
vascular permeability and stimulates endocytosis, and inertial cavita-
tion might result in shock waves and microjets, which when close to a
membrane, can result in transient or permanent pores in the vascular
wall or even to more extensive vascular damage [20,23,38,39].

The effect of a wide range of ultrasound parameters on the cavita-
tion behaviour of SonoVue™ microbubbles has been studied mainly in
an in vitro setting. Based on in vitro studies, inertial cavitation was ob-
served above an MI of 0.5 [40,41], while in vivo inertial cavitation
became observable at MI>0.62 [41]. Thus, it is expected that in the
case of the MI=0.4 treatment groups mainly stable cavitation occurs
and when using an MI of 0.8, more inertial cavitation is expected. This
was confirmed when detecting the cavitation behaviour of SonovVue™
(see Supplementary Fig. S10), both more stable and inertial cavitation
was observed in the MI= 0.8 group compared to the MI= 0.4 group. The
difference in microbubble behaviour and the corresponding bio-
mechanical effects are likely to be the reason for the higher uptake of
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liposomes and improved extravasation in the MI=0.8 groups.

Ultrasound in the presence of microbubbles can change the perfu-
sion. Both vascular shutdown and increased perfusion by opening of
non-perfused microvessels, have been reported [42,43]. An increased
perfusion of the tumour could partly explain the observed increase in
tumour fluorescence intensity in the ultrasound treatment groups.

If cavitation and perfusion do not differ between the three lipo-
somes, the observed increased tumour uptake of the NonCleavable li-
posome with respect to the other two liposomes, should be due to an
interplay of liposome properties (formulation, size, charge, PEGylation,
etc.), tumour characteristics (vascularization, EPR-effect, etc.) and in-
teraction with blood components. In both the NonCleavable and
Cleavable liposome, cholesterol is used as the lipid anchor of the PEG.
Cholesterol is known to partition out which could result in the lipo-
somes losing their PEG-layer over time thereby altering their in vivo
behaviour. That this happens cannot be completely ruled out, but it is
expected that the effect will be minimal and similar across the
NonCleavable and Cleavable liposome because of the similar amount of
Chol-PEG used in both formulations. The size of the Cleavable and
NonCleavable liposome did not differ while the Doxil-like liposome
exhibited a slightly smaller size which can be beneficial with respect to
extravasation. The NonCleavable liposome had a higher zeta potential
(-3.8 mV) compared to the Doxil-like and Cleavable liposome (-13.4 mV
and -13.7 mV, respectively) and it has been shown that a more neutral
charge of the particles could result in less interactions with the nega-
tively charged endothelial cell membrane and extracellular matrix
components and thereby increase the extravasation and diffusion rate
[26,44,45]. In addition, neutral liposomes show less interaction with
charged blood components whereas more negatively or positively
charged liposomes will undergo more and different protein adsorption
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Fig. 6. (A) Tumour growth curves of the first 28 days after the first treatment. Line plot and error bars represent the mean of 5-7 mice and standard deviation,

respectively. Asterisks show significant tumour reductions with respect to the saline treatment group (*p<0.05,

*p<0.001) (B) Kaplan-Meier plot. Different

colours indicate the different LPs or drug used. Solid lines indicate only LPs or drug treatment groups. Dashed lines indicate the ultrasound treatment groups (+FUS).
Treatments took place on day 0, 7 and 14 and are indicated with a black arrow. (*p <0.05, **p<0.01) (D =Doxil-like, NC=NonCleavable, C=Cleavable, DOX = Free

doxorubicin, FUS=Focused ultrasound and microbubbles).
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hence altering their properties, i.e. size, shape, charge, etc., which will
affect their extravasation and tumour accumulation [46,47]. The more
neutral charge of the NonCleavable liposome could therefore poten-
tially have been beneficially for tumour accumulation rate.

4.3. Biodistribution of liposomes in tumour and normal organs

Imaging of the excised tumour showed increased tumour accumu-
lation of the liposomes after ultrasound which is consistent with the in
vivo measurements done 3 hours post treatment. However, most of the
statistical significance between the Only-LPs and ultrasound treatment
groups found in the in vivo dataset was lost after excising the tumour.
This is most likely due to the correction for the weight of the tumour in
the ex vivo biodistribution dataset.

The biodistribution of normal organs showed that ultrasound and
microbubbles did not alter the biodistribution profiles of the organs.
Organs were excised three hours after ultrasound treatment and based
on the circulation half-life time of 3 to 4 hours (see Table S1 and Fig.
S2), the measured fluorescence intensity will originate both from li-
posomes still in circulation and liposomal uptake by the organs. The
relative high uptake by the lungs, especially for the Cleavable and
Doxil-like liposome, is interesting. A possible explanation could be that
the lung capillaries are the first capillaries the liposomes encounter
after injection in the lateral tail vein such that aggregates get stuck in
the microvasculature of the lungs. In addition, the lungs of mice have
the largest mean blood volume per gram of wet tissue (0.49 ml) fol-
lowed by liver (0.36 ml), kidneys (0.34 ml) and spleen (0.17 ml) which
could be one of the reasons of the relatively high fluorescence intensity
originating from the lungs for all three liposomes [48]. High fluores-
cence intensities of the spleen and liver are expected since macro-
phages, which are responsible for clearing liposomes and other sub-
stances from the blood, are residing in those organs [49].

4.4. Microdistribution — Extravasation and penetration depth of liposomes

After recording tumour accumulation of the liposomes, the intra
tumoural microdistribution of the liposomes in frozen tumour tissues
was imaged by CLSM. The Cleavable liposome was found to extravasate
to a larger extent than the other two liposomes. For all liposomes, the
exposure to ultrasound and microbubbles increased the extravasation
significantly and most profoundly after MI=0.8. Many have reported
on enhanced extravasation of liposomes in tumours after exposure to
ultrasound and microbubbles, which is most likely caused by cavitating
microbubbles increasing the vascular permeability in the tumour
[11-15]. Here an MI of 0.4 and 0.8 were used, and improved extra-
vasation was observed for increasing MI and for both ultrasound
treatment groups with respect to the Only-LPs group, which agrees well
with what have been reported [13,37].

Physiochemical properties and tumour characteristics will de-
termine the in vivo fate of the liposomes including their extravasation
and tumour penetration [9,50,51]. When no ultrasound is used, pene-
tration of liposomes through the extracellular matrix will be mainly
diffusion driven due to the high interstitial fluid pressure, which fa-
vours the use of liposomes with a smaller hydrodynamic diameter
[52,53]. Interestingly, the Cleavable liposome showed almost a doubled
penetration depth with respect to the other two liposomes when no
ultrasound was used. A potential reason could be the enzyme sensitive
properties of the liposome. The animals were euthanized 3 hours post
treatment and within those 3 hours, the extravasated liposomes will
come in contact with MMPs causing cleavage of the PEG layer. The
presence and activity of the MMPs in the used tumour model has been
shown by in situ zymography (see Supplementary Fig. S11). MMPs of
interest are located at the basement membranes along collagen type IV
fibres, thus PEG cleavage can take place immediately after extravasa-
tion [54]. How fast and to what extent the PEG layer will be cleaved
will depend on several factors including liposome concentration,
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enzyme concentrations and accessibility of the peptide for the enzymes.
PEG cleavage by MMPs reveals a negatively charged residue which
could facilitate electrostatic interactions with the ECM, enhancing li-
posome retention.

Ultrasound increased the penetration of all liposomes into the ECM,
and the effect was the smallest for the Cleavable liposome.
Interestingly, even though the amount of extravasation was different for
the three liposomes, the distance travelled from the nearest blood vessel
was rather similar between the liposomes in the two ultrasound groups,
and in accordance with penetration depths reported by others [55]. The
observed improved penetration depth could indicate that sono-
permeation also causes extravascular effects such as acoustic streaming,
shockwave generation, jet formation and possible structural changes in
the extracellular matrix and creation of pores [23,56]. Even though the
microbubbles showed a clear increase in cavitation behaviour at the
higher MI (Supplementary Fig. S10), surprisingly, a similar penetration
depth was observed in the studied time window. Both our observations
and reports from others might indicate that there is a maximum pe-
netration depth of liposomes from the blood vessels [55].

4.5. Therapeutic efficacy study

The tumours exposed to the Doxil-like liposome combined with
ultrasound and microbubbles showed the best therapeutic response. A
tumour volume reduction up to ~60% with respect to the control group
(saline) was obtained, the number of responders increased, and median
survival was prolonged. Also for the Cleavable liposome and the free
drug doxorubicin, an improved therapeutic response was observed after
ultrasound-mediated delivery, but to a lower extent. The ultrasound
treatments used are not expected to have any therapeutic effect on their
own. This assumption is supported by studies in [57,58].

When comparing the observed microdistribution of the liposomes
with the obtained therapeutic efficacy of the liposomes, it should be
kept in mind that both experiments have been performed with different
batches of liposomes. For each of the liposomes, the variability in size
and zeta potential between the different batches used for both the in
vitro and in vivo experiments are small and within acceptable values, but
could indicate for example differences in PEG coverages. This could
have affected the in vivo behaviour of the liposomes, also with respect to
the observed in vitro behaviour. Due to the relatively small differences
in zeta potential and size between the different batches used, a large
impact on the in vivo behaviour of the liposomes is not expected, but
small alterations in in vivo behaviour cannot be ruled out. Due to the
expected minor effect, it is assumed that the obtained microdistribution
data is representative for the in vivo behaviour of the liposomes when
discussing the therapeutic efficacy.

Even though the Cleavable liposome already extravasated and pe-
netrated the extracellular matrix well by itself compared to the other
two liposomes, no effect on the therapeutic efficacy of the Only-LPs
treatment was observed. One possible explanation could be that al-
though many liposomes penetrated far into the extracellular matrix, the
number was not sufficient for any therapeutic effect. It is possible that
cleaving of the PEG increased the uptake of the liposomes by macro-
phages and other non-tumour cells. The majority of nanoparticles is
reported to either being trapped in the extracellular matrix or taken up
by perivascular cells and other macrophages resulting in 0.0014% of
administered nanoparticles being internalized by the tumour cells [59].
So even though the Cleavable liposome seemed to extravasate the best
of the three liposomes, the final number reaching the tumour cells was
not sufficient for any therapeutic effect. Adding ultrasound and mi-
crobubbles to the treatment resulted in an improved extravasation of
the Cleavable liposome, but the penetration depth was only minimally
affected. This reduced the tumour growth with almost a factor 6.5
(39%/6%) 28 days after the first treatment.

The difference in therapeutic efficacy between the NonCleavable
and Cleavable liposome is interesting since the differences in liposome
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properties (lipid formulation, size, charge) were minimal. Nevertheless,
the Cleavable liposome extravasated and penetrated the extracellular
matrix better than the NonCleavable liposome. Even though the ex-
travasation and penetration of the NonCleavable liposome was similar
to the successful Doxil-like liposome and the number of responders was
similar to the Cleavable liposome, no effect on therapeutic efficacy was
observed. This could indicate that the MMP sensitive property of the
Cleavable liposome has positively affected the therapeutic efficacy as
well.

Interestingly, the group of animals receiving only free doxorubicin
showed increased tumour growth with respect to the control group. It
has been reported that low doses of doxorubicin can induce drug re-
sistance which could explain the observed induced tumour growth
[60]. In case of the ultrasound treatment group, the animals showed a
significant reduced tumour growth, which is interesting since the drug
molecule should be able to diffuse easily by itself into the tumour tissue.
Nevertheless, sonopermeation potentially resulted in an increased local
delivery to tumour tissue such that free doxorubicin became more ef-
ficient. Improved ultrasound-mediated therapeutic response of small
drugs has also been observed in a clinical trial on inoperable pancreatic
cancer [17].

The promising preclinical studies demonstrating that ultrasound
and microbubbles improve delivery of nanomedicine and enhance the
therapeutic response, have led to several clinical studies ([17],
NCT03477019, NCT00245869 and more). When using ultrasound-
mediated delivery of drugs and liposomes in the clinic, stratification of
patients to determine which patients will benefit from the treatment is
important. It has been shown preclinically that tumours with low EPR
effect, such as the PC3 tumour model used in the present study, benefits
more from the use of ultrasound-mediated delivery of liposomes com-
pared to tumours that are well vascularized and have a high EPR effect
[55].

The current study showed that combined with ultrasound and mi-
crobubbles, the Cleavable liposome had a better therapeutic efficacy
compared to the NonCleavable liposome indicating that cleaving of the
PEG-layer can be important. However, the Doxil-like liposome out-
competed the NonCleavable and Cleavable liposomes and free drug
doxorubicin treatment groups both with and without the use of ultra-
sound and microbubbles.

5. Conclusion

Focused ultrasound in the presence of microbubbles resulted in an
improved tumour accumulation, increased extravasation and increased
penetration depth of liposomes into the extracellular matrix compared
to mice receiving just an injection of liposomes. The Cleavable liposome
performed better than the NonCleavable both in terms of extravasation,
microdistribution and therapeutic efficacy. Both for Doxil-like and
Cleavable liposomes, the ultrasound-mediated delivery resulted in an
improved therapeutic efficacy.
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Confocal laser scanning microscopy image post processing
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Figure S1: CLSM image post processing. (A) Raw CLSM image showing blood vessel (red), liposomes (green) and cell nuclei
(blue). (B) Overlay of the thresholded image from the blood vessel (red) and nanoparticle (green) channel. Yellow represents
intravascular liposomes while green represents extravascular liposomes. (C) Distance map created based on the thresholded
blood vessel image. Red represents the outline of the blood vessel. Brightness of the cyan coloured pixels indicate the distance
in number of pixels towards the nearest blood vessel pixel. (D) Thresholded nanoparticle channel multiplied pixel by pixel with
the distance map. Colour of the pixel in the resulting image indicates the distance to the nearest blood vessel pixel in number
of pixels for only the pixels representing extravascular liposomes. (E) lllustrative example of a histogram representing the
distribution of the distance travelled by liposomes. On the y-axis the number of pixels representing extravascular liposomes
at a certain distance to the nearest blood vessel pixel in um (1 pixel = 0.6 um) (x-axis). Peaks of fluorescent pixels after the
curve had decayed were excluded from the analysis.



In vivo circulation half-life time liposomes
For each liposome, 5 mice were injected with 100ul of 6.0 mM liposome solution of which the
characteristics are shown in Table S1. Blood samples (10-20ul) were drawn from the saphenous vein
pre injection and at 5 minutes, 1, 2, 4, 8, 24 and 48 hours post injection. Blood samples were diluted
in vials holding 40 pl of 10 IU/ml heparin and vortexed. Samples were protected from light during the
entire procedure. Before centrifuging at 3000 rpm for 7 minutes, the samples were vortexed again.
20ul of the supernatant was pipetted into wells of a black 384 well plate (Corning Inc., Sigma-Aldrich,
USA) and the fluorescence was measured with a spectrofluorometer (SpectraMax i3x, Molecular
Devices, Sunnyvale, CA, USA) by exciting at 500nm and detecting emission at 525nm. Fluorescence
intensity per volume of blood diluted in heparin, was plotted against the corresponding timepoint.
SigmaPlot (v14.0, Systat Software Inc., USA) was used to fit a bi-exponential decay curve to the
datapoints from which a circulation half-life time was calculated.

A bi-exponential decay curve was fitted to the datapoints (see Figure S2). For the Doxil-like,
NonCleavable and Cleavable liposome a circulation half-life time Ty/2 of 2.9, 4.0 and 3.2 hours was
obtained, respectively. The R? values of the fit were 0.69, 0.70 and 0.94, respectively.

Table S1: The average diameter, C-potential, PDI, circulation half-life time Ty, and R? squared values
of the bi-exponential fit for the fluorophore labelled liposomes used for the blood circulation study.

LIPOSOME | Diameter [nm] G-potential [mV] PDI T2 R?
Doxil-like 108 -10.9+0.7 0.028+0.011 2.9 0.69
NonCleavable 116 -3.2+0.5 0.083+0 4.0 0.70
Cleavable 155 -15.7+0.2 0.065+0.015 3.2 0.94
A Doxil-like B NonCleavable c Cleavable
8e+6 8e+6 1.2e+7
< ¢ 1.0e+7 g
E 6e+6 6e+6
£ 8.0e+6
§ 4
£ levs 4e+6 6.0e+6
§ D=\
E 4.0e+6
S 2e+6 2e+6
= 2.0e+6 @
0 0 00 ol
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

Time post injection [hours] Time post injection [hours] Time post injection [hours]
Figure S2: Fluorescence intensity of blood samples as function of time describing the in vivo circulation behaviour of the (A)
Doxil-like, (B) NonCleavable and (C) Cleavable liposome. The different symbols depict different animals. (n=5 for each group).



Effect of the enzyme thermolysin on the liposome characteristics
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Figure S3: Effect of the addition of the enzyme thermolysin on they (A) Hydrodynamic radius, (B) PDI and (C) Zeta potential
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of the three liposomes. These experiments have been performed with a different batch of the liposomes.

Fluorescence intensity measured by the small animal optical imager
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Figure S4: (A) Fluorescence intensity of the Atto700 dye in a dilution series of the fluorophore labelled
liposomes measured with the small animal optical imager. Mean and standard deviation are based on the
average of n=3. (B) The average fluorescence intensity of an ROl on the non-tumour bearing leg of animals
only injected with liposomes approximately 5 minutes after injection confirming the previous observed
differences in fluorescence intensity between the liposomes obtained in solution.



Fluorescence intensity measured by a spectrofluorometer
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Figure S5: Fluorescence intensity of the (A) Atto488 and (B) Atto700 dye in dilution series of the three liposomes used during
the tumour accumulation, biodistribution and microdistribution study measured by a spectrofluorometer. Results on the
Atto700 dye agree with the differences obtained from the dilution series and in vivo experiments measured with the small
animal imager.

Effect of the enzyme activation buffer and enzyme on the cellular uptake of the liposomes
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Figure S6: Cellular uptake by PC3 cells of the Doxil-like, NonCleavable
and Cleavable liposome when incubated for four hours in growth
medium (LPs), growth medium containing the activation buffer for
the enzyme (LPs in buffer — enzyme) and growth medium containing

the activation buffer supplemented with the enzyme thermolysin (LPs



Selecting ultrasound parameters for optimizing tumour accumulation

The effect of 4 different ultrasound settings (group 2-4, see Table S2) on the tumour accumulation of
the Cleavable liposomes was studied. Results of this sub study (see Supplementary Figure S7) were
used to choose appropriate ultrasound settings when studying the microdistribution and therapeutic
efficacy of the three different liposomes.

Subcutaneous prostate cancer tumours were grown in 32 mice and included in the study when
the tumours had reached an average size of 200-300 mm?3. Animals received a 100 pl intravenous bolus
injection of 6 mM of Cleavable liposome solution. Mice exposed to ultrasound received 100 pl of
SonoVue™ microbubbles followed by 2 minutes of ultrasound towards the tumour bearing leg.
Accumulation of liposomes in tumours was measured using a small animal optical imager.

TABLE S2: FIVE DIFFERENT TREATMENT GROUPS FOR SELECTING BEST ULTRASOUND SETTINGS FOR OPTIMIZING
TUMOUR ACCUMULATION.

) Pulse repetition Treatment Number of
GROUP | Mechanical Index Number of cycles ) A .
Frequency [Hz] time [min] mice
1 - - - - 6
2 0.4 1000 6
3 0.4 10 000 7
0.5 2
4 0.8 1000 6
5 0.8 10 000 7




Selecting ultrasound parameters for optimizing tumour accumulation
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Figure S7: (A) Representative images 1 and 72 hours post injection of the liposomes (LPs) of animals treated with and
without ultrasound treatment. Note the difference in colour bar intensities for the top and bottom row of the images.
White dashed line shows the tumour ROI. (B) Relative fluorescence intensity in tumour ROI at different timepoints post
injection of LPs with and without ultrasound treatment. Grey area represents autofluorescence values based on images
taken before injection of the LPs. All ultrasound treatment groups showed statistically significant increase in fluorescence
intensity at t=0.5, 1.0 and 2.0 hours. The observed increase was different for the different ultrasound settings used. Mean
and standard deviation based on n=6-7 animals. (C) Fluorescence intensity per gram of ex vivo tumour tissue for the
different treatment groups at 72 hours post liposome injection. Asterisks show statistically significance with respect to
the Only-LPs treatment group. (* p<0.05, ** p<0.01, *** p<0.001)



Relative tumour growth curves of the individual animals
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Figure S8: The relative tumour growth curves of the individual animals treated with the (A) Doxil, (B) NonCleavable, (C) Cleavable liposomes
and (D) Free doxorubicin. Black solid lines indicate the tumour growth curves of mice that only received an intravenous injection of saline.
The bright and dark coloured line indicate the only liposomes (LPs) or free drug group and the MI=0.8 ultrasound treatment group (LPs+FUS),
respectively. Treatments took place on day 0, 7 and 14 and are indicated with a black arrow. (*p<0.05, **p<0.01) (D=Doxil-like,
NC=NonCleavable, C=Cleavable, DOX=Free doxorubicin, FUS=Focused ultrasound and microbubbles)
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Figure S9: Weight of the animals shown for the first 55 days after the first treatment.
Treatments were performed at day 0, 7 and 14 (black arrows). Data are shown as mean
and standard deviation. Each group contains 5-7 animals up to day 28 after which animals
were euthanized and thereby affecting the mean curve. (D=Doxil-like, NC=NonCleavable,
C=Cleavable, DOX=Doxorubicin, FUS=Focused Ultrasound and microbubbles).



Cavitation detection data during detected during ultrasound treatment
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Figure S10: Representative frequency content of the scattered and emission signals
from the Sonovue™ microbubbles of time signals detected 10 seconds after start of
ultrasound treatment. When no cavitation behaviour is observed (blue), mainly
harmonic frequencies (black arrows) dominate the frequency spectrum. The use of
MI=0.4 results in an increase in observed sub- and ultra harmonics (grey arrows) and
baseline rise. Using MI=0.8 resulted even in higher observed amplitudes for the sub-
and ultra harmonics and baseline rise indicating increased cavitation behaviour by the
microbubbles. After all microbubbles are cleared from the bloodstream, the noise level
of the frequency spectrum will go back to baseline and the harmonic signals will
dominate the frequency spectrum again (no cavitation, blue).
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In situ zymography — gelatinolytic activity
In situ zymography was used to show the presence of MMP-2 and MMP-9 (gelatinases) in the PC3
xenograft model used. PC3 tumours of untreated animals were excised and submerged in liquid
nitrogen and stored at -80 °C freezer prior to sectioning. The first 3000 um was removed after which
4 sections of 10 um thick were taken from 5 different levels with 500 um between each level.

The sections were overlaid with a solution containing 0.1 mg/ml DQ gelatine (ThermoFisher,
USA) and 0.5 pug/ml To-Pro-3 iodine solution (ThermoFisher, USA) and incubated for 4 hours at room
temperature. DQ-gelatine contains quenched FITC molecules which start to fluoresce on degradation
of the DQ-gelatine due to gelatinolytic activity (MMP-2 and MMP-9)[1]. After incubation, sections
were rinsed with PBS, mounted with mounting medium and covered with object glass. To test whether
the observed fluorescence was due to gelatinolytic activity, control sections were preincubated with
20 mM EDTA (general MMP inhibitor) before adding the DQ Gelatin/To-Pro-3 iodine solution. An
Olympus IX83 microscope was used to image the slides, with detection at 525 nm for DQ Gelatine and
666 nm for To-Pro 3.

Figure S11: In situ zymography of MMP-2 and MMP-9 activity in prostate cancer xenograft tumour (A) without MMP
inhibitor and (B) with MMP-inhibitor. Fluorescence (green) is generated due to gelatinolytic activity (MMP-2 and
MMP-9) in the presence of the DQ-gelatine. Adding the MMP inhibitor resulted in reduced fluorescence indicating
that the observed fluorescence is due to the presence of the gelatinases MMP-2 and MMP-9. Cell nuclei are shown in
red. Scalebar is 20 pum.

Reference

[1] O.R. Mook, C.V. Overbeek, E.G. Ackema, F.V. Maldegem, W.M. Frederiks, In situ localization
of gelatinolytic activity in the extracellular matrix of metastases of colon cancer in rat liver using
quenched fluorogenic DQ-gelatin, Journal of Histochemistry & Cytochemistry, 51 (2003) 821-829.
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Abstract—The blood-brain barrier (BBB) is a major obstacle to treating several brain disorders. Focused ultra-
sound (FUS) in combination with intravascular microbubbles increases BBB permeability by opening tight junc-
tions, creating endothelial cell openings, improving endocytosis and increasing transcytosis. Here we investigated
whether combining FUS and microbubbles with transferrin receptor-targeting liposomes would result in
enhanced delivery to the brain of post-natal rats compared with liposomes lacking the BBB-targeting moiety.
For all animals, increased BBB permeability was observed after FUS treatment. A 40% increase in accumulation
of transferrin receptor-targeting liposomes was observed in the FUS-treated hemisphere, whereas the isotype
immunoglobulin G liposomes showed no increased accumulation. Confocal laser scanning microscopy of brain
sections revealed that both types of liposomes were mainly observed in endothelial cells in the FUS-treated hemi-
sphere. The results demonstrate that FUS and microbubble treatment combined with BBB-targeting liposomes
could be a promising approach to enhance drug delivery to the brain. (E-mail: marieke.olsman@ntnu.
no) © 2021 The Author(s). Published by Elsevier Inc. on behalf of World Federation for Ultrasound in
Medicine & Biology. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Key Words: Transferrin receptor-targeting, Blood—brain barrier disruption, Ultrasound, Liposomes,
Microbubbles.

INTRODUCTION safe increase in BBB permeability to enable passage of
large therapeutics into the brain.

Extensive research has been done on the use of
focused ultrasound (FUS) in combination with intravascu-
lar microbubbles (MBs) for a transient and safe increase
in BBB permeability (Hynynen et al. 2001; Meairs and
Alonso 2007; McDannold et al., 2008a; McDannold et al.,
2008b; Ting et al. 2012; Burgess and Hynynen 2013; Liu
et al. 2014; Burgess et al. 2015; Poon et al. 2016). Suc-
cessful delivery of chemotherapeutics, nanocarriers, anti-
bodies and stem cells across the BBB after FUS-induced
increase in BBB permeability have been reported (Liu et
al. 2010; Burgess et al. 2011; Etame et al. 2012; Alkins et
al. 2013; Aslund et al. 2015; Kobus et al. 2016; Poon et
al. 2016). The exact mechanisms have still not been fully
elucidated, but in the presence of ultrasound (US), MBs

) oscillate and apply biomechanical forces on the blood ves-

Address correspondence to: Marieke Olsman, Department of . . .

Physics, Norwegian University of Science and Technology, Hogskoler- sel wall, which potentially facilitate both trans- and para-
ingen 5, 7491 Trondheim, Norway. E-mail: marieke.olsman@ntnu.no cellular transport across the capillary wall (Sheikov et al.

The blood-brain barrier (BBB) strictly controls the trans-
port of substances into the brain, impeding the access of
most drugs to the brain and preventing efficient treatment
of many brain diseases (Abbott et al. 2010; Pardridge
2012). Several approaches for circumventing the BBB (e.
g., intranasal delivery, intracerebral/intraventricular injec-
tions, chemical mediation) have been proposed, but each
of these approaches has several limitations, including low
delivery efficiency, damage of healthy tissue and cyto-
toxic or adverse systemic effects (Rapoport 2000; Dhuria
et al. 2010; White et al. 2011; Lochhead and Thorne
2012). To overcome these limitations, non-invasive
approaches are highly needed for controlled transient and
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2004; Alonso et al. 2010; Cho et al. 2011; Burgess and
Hynynen 2013; Nhan et al. 2013). The resulting increased
permeability of the BBB can lead to improved extravasa-
tion, distribution in the brain parenchyma and therapeutic
efficacy of the drug (Liu et al. 2010; Treat et al. 2012).

To exploit the FUS-induced transport pathways to the
fullest, a high concentration of the drug at the site of BBB
disruption (BBBD) is favorable. This is often achieved by
performing the happened by accident, no comments. FUS
treatment directly after intravenous administration of the
drug. Another approach is to use drug-loaded MBs, either
with or without additional targeting to the BBB, which
release the drug locally when sonicated (Ting et al. 2012;
Fan et al. 2013, 2015, 2016). In the present study, we com-
bined an FUS-induced increase in BBB permeability with
intravenous administration of transferrin receptor (TfR)-tar-
geting liposomes. The TfR has received special interest
because its expression is restricted to the brain capillary
endothelial cells (BCECs) compared with other endothelial
cells (Jefferies et al. 1984). We hypothesize that this com-
bined approach will improve the delivery of the drug nano-
carrier across the BBB compared with a drug nanocarrier
lacking the targeting moiety.

To study this, TfR-targeting and isotype immuno-
globulin G (IgG) liposomes were loaded with cisplatin
and labeled with a fluorophore. As a model system, post-
natal rats were used because of their high TfR expression
in the BBB (Taylor and Morgan 1990; Moos et al. 1998).
Magnetic resonance imaging (MRI)-guided FUS was
used to increase the permeability of the BBB, and the
extent of permeability was evaluated by contrast-
enhanced MRI. The amount of cisplatin (a model drug
acting as a surrogate marker of the liposomes) entering
the brain tissue was quantified by inductively coupled
plasma mass spectrometry (ICP-MS). The distribution of
liposomes in brain tissue was imaged by confocal laser
scanning microscopy (CLSM).

MATERIALS AND METHODS
Materials
Ovine cholesterol, 1,2-distearoyl-sn-glycero-3-
phosphocholine  (DSPC), 2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene  gly-
col)-2000] (DSPE-PEG2000) and 1,2-distearoyl-sn-glyc-
ero-3-phosphoethanolamine-N-[maleimide(polyethylene
glycol)-2000] (ammonium salt; DSPE-PEG2000-malei-
mide) were purchased from Avanti Polar Lipids, Inc.
(Alabaster, USA); 1,1’-dioctadecyl-3,3,3’,3'-tetramethy-
lindodicarbocyanine,  4-chlorobenzenesulfonate  salt
(DiD), 2-iminothiolane (Traut’s reagent), the Micro
BCA Protein Assay Kit and mouse IgG2a were from
Thermo Fisher Scientific (Hvidovre, Denmark); phos-
phor, platinum, gallium and iridium elemental standards
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Table 1. Molar composition (%) of the liposomes

Lipid Isotype Anti-TfR Anti-TfR
1gG batch 1 batch 2
DSPC 56.1 56.1 56.3
Chol 38.2 382 38.2
DSPE-PEG2000 5 5 5
DSPE-PEG2000-maleimide 0.5 0.5 0.5
DiD 0.2 0.2 —

DSPC=1,2-distearoyl-sn-glycero-3-phosphocholine; Chol = choles-
terol; DSPE-PEG2000 = 2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[methoxy(polyethylene  glycol)-2000];  DSPE-PEG2000-
maleimide = 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[mal-
eimide(polyethylene glycol)-2000]; DiD = 1,1’-dioctadecyl-3,3,3",3'-tet-
ramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt;
1gG = immunoglobulin G; T{R = transferrin receptor.

were from Fluka; and cisplatin (cis-diamminedichloro-
platinum) and all other chemicals were from Sigma-
Aldrich (Brendby, Denmark). The mouse anti-rat TfR
antibody (OX26) was a kind gift from Professor Torben
Moos (Aalborg University, Denmark).

Liposome formulation

The molar concentrations of the lipids used in the
formulations are listed in Table 1. Lipids and DiD, in
case of the fluorophore-labeled formulations, were dis-
solved in a mixture of tert-butanol and Milli-Q purified
water (9:1), snap frozen in liquid nitrogen and freeze-
dried overnight. The following day, an 8 mg/mL solution
of cisplatin was heated to 70°C and used to hydrate the
thin lipid layers. During the hydration process the tem-
perature was kept at 70°C and the samples were under
constant stirring. Next, the samples were extruded using
a high-pressure extruder at 70°C through a 100 nm filter
to form small unilamellar vesicles. Thereafter, the for-
mulations were dialyzed twice with phosphate-buffered
saline (PBS) for 12 h each to remove un-encapsulated
cisplatin.

Antibody thiolation

The liposomes were functionalized with an anti-
body against either the rat TfR (OX26) or an isotype
IgG. The buffer of the antibodies was exchanged to
0.1 M borate and 2 mM dipotassium ethylenediaminete-
traacetic acid (pH 8; K,EDTA) by two rounds of spin fil-
tration using Amicon Ultra-4 Centrifugal Filter Units
(molecular-weight cutoff, 30 kDa; Sigma-Aldrich,
Brendby, Denmark) at 4000 g and 4°C. Afterwards, the
concentration of the antibody was measured using the
absorbance at 280 nm of the solution using a NanoDrop
2000c spectrophotometer (Thermo Fisher Scientific,
Hvidovre, Denmark) and the extinction coefficient of
mouse IgGs (1.37). Traut’s reagent was prepared by dis-
solving it in a borate buffer at a concentration of
2 mg/mL. OX26 or IgG antibodies and Traut’s reagent
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were mixed with a molar ratio of 1:40. The thiolation
reaction was allowed to proceed for 1 h at room tempera-
ture under mild agitation. Afterward, the thiolated anti-
bodies were purified from the residual Traut’s reagent by
spin filtration using Amicon Ultra-4 Centrifugal Filter
Units (molecular-weight cutoff, 30 kDa) and PBS at
4000 g and 4°C, twice.

Liposome preparation and purification

Liposomes containing DSPE-PEG2000-maleimide
were mixed with thiolated OX26 or IgG antibodies at a
molar ratio of 5:1 (as defined by available maleimide
groups), the air phase of the container was replaced with
N, and the antibodies were allowed to conjugate to the
liposomes overnight in the dark under mild agitation.
The following day, the liposomes were separated from
unconjugated antibodies by size-exclusion chromatogra-
phy, using a Sepharose CL-4B column (1.5 x 20 cm;
Sigma-Aldrich, Brendby, Denmark), PBS as an elution
buffer and a flow rate of 1 mL/min. The absorbance at
280 nm of the resulting fractions was measured, and
fractions with high absorbance were pooled and up-con-
centrated using Amicon Ultra-15 Centrifugal Filter Units
(molecular-weight cutoff, 100 kDa) centrifuged at 4000
g and 4°C. The fluorescence of the up-concentrated frac-
tions was measured using a microplate reader (Spark,
Tecan Trading, Mannedorf, Switzerland) and used for
pooling liposome-containing fractions.

Liposome characterization

The hydrodynamic radius, polydispersity index and
zeta potential of the liposomes were measured using a Zeta-
sizer ZS (Malvern Panalytical Ltd., Malvern, UK), by dilu-
tion in PBS for size and polydispersity index measurements
and  4-(2-hydroxyethyl)-1-piperazineethanesulfonic  acid
(HEPES) 5% glucose buffer for zeta potential measure-
ments. Phosphor and platinum concentrations were mea-
sured in the final liposome formulations using ICP-MS (see
later). The Micro BCA Assay was used to confirm the pres-
ence of antibodies in final liposome samples, following the
test tube manufacturer’s protocol adjusted for microplate
volumes.

Animals

Two pregnant Sprague Dawley rats were purchased
(Janvier Labs, Le Genest-Saint-Isle, France) and housed
separately in individually ventilated cages under condi-
tions free of specific pathogens. Cages were kept in a con-
trolled environment (20—23°C; humidity, 50%—60%) on
a 12 h night/day cycle and the animals had free access to
food and sterile water. Housing, nesting material and
gnaw sticks were used to enrich the cage. The study
included 17 pups with a post-natal age of 14—17 days: 13
for ICP-MS analysis and 4 for confocal microscopy. All

experimental procedures were approved by the Norwe-
gian Food Safety Authority.

Magnetic resonance imaging

MRI was performed on a 7.05 T horizontal bore
magnet (Biospec 70/20 Avance III, Bruker, Billerica,
USA) with an 86 mm volume resonator for radio-fre-
quency transmission and a phased-array rat-brain surface
coil for reception.

Before, after and 24 h after BBBD, a T1 fast low-
angle shot (FLASH) sequence was acquired to verify the
increased BBB permeability by the detection of extrava-
sated gadolinium-based MRI contrast agent (1 mL/kg,
0.5 mmol/mL, Omniscan; GE Healthcare, Chicago,
USA), using the following acquisition properties: echo
time (TE), 3.5 ms; repetition time (TR), 200 ms; flip
angle, 40°; 12 averages; slice thickness, 0.8 mm. A T2-
weighted rapid acquisition with relaxation enhancement
image was acquired to detect hemorrhages and edema,
with the following acquisition properties: TE, 54 ms;
TR, 2000 ms; 14 averages; slice thickness, 0.8 mm. All
sequences had a field of view of 20 x 20 mm, with a
matrix size of 200 x 200, and 12 slices spaced at 1 mm.
MRI acquisition parameters were set using Bruker Para-
Vision 6.0.1.

BBBD treatment

The timeline of the experimental procedure is pre-
sented in Figure la. Animals were anesthetized using
~2% isoflurane in medical air (78%) and oxygen (20%),
after which they were cannulated in the lateral tail vein.
The head was shaved with a hair trimmer and the remain-
ing hair was removed with depilatory cream. Animals
were randomly divided into two groups and received an
injection of either Anti-TfR or isotype IgG liposomes
(Anti-TfR batch 1 and isotype IgG: cisplatin 154 ng/kg;
Anti-TfR batch 2, cisplatin 340 wg/kg). The liposomes
were allowed to circulate for 1.5 h to give the Anti-TfR
liposomes enough time to bind to the BCECs (Kucharz
et al. 2020) before the animals were positioned in supine
position on the MRI compatible animal bed, received a
bolus injection of a gadolinium-based contrast agent and
underwent a pre-BBBD MRI scan. During MRI imaging
and US experiments, oxygen was excluded from the anes-
thesia mixture to extend the lifetime of the MBs (Mullin
et al. 2011). Respiration rate was closely monitored using
a pressure-sensitive probe (SA Instruments, Stony Brook,
USA), and body temperature was maintained with a
heater during MRI and a heating lamp during US experi-
ments.

The FUS treatment was planned based on the pre-
BBBD MRI scan. A 6 x 3 grid of treatment spots—with
a spot diameter of 1.6 mm, corresponding to the -3 dB
US beam width—was placed on the right hemisphere on
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Fig. 1. Treatment timeline, planning and ultrasound setup. (a) Treatment timeline from anesthetization through treat-
ment to ex vivo tissue analysis. (b) Treatment planning. The ultrasound beam scanned a 6 x 3 grid of spots (red circle)
covering most of the right hemisphere. The blue spot indicates the current location of the ultrasound focus. (c) Ultra-
sound setup used for BBBD experiment. BBBD = blood-brain barrier disruption; Gd = gadolinium-based contrast agent;
MB=microbubbles; ICP-MS=Inductively coupled plasma mass spectrometry; MRI=Magnetic resonance imaging.

an axial image at eye height in the rat’s brain
(Figure 1b). After the pre-BBBD MRI scan, the MRI
bed with the animal was placed in the US setup (RK100,
FUS Instruments, Toronto, Canada). The RK100 system
consists of an arbitrary function generator, a 53 dB
power amplifier, a 1.1 MHz US transducer with a focus
at 60 mm and a computer with custom software for treat-
ment planning. The experimental US setup is illustrated
in Figure lc. At 2 h after liposome injection, the animal
received a bolus injection of SonoVue MBs (2 mL/kg;
Bracco Imaging, Milan, Italy), and 10 s after the injec-
tion, the FUS treatment started.

The acoustic pressure was measured to be attenuated
by the rat skull with approximately 27% =+ 9% (see supple-
mentary information p2), such that an in situ peak negative
pressure of 0.22—0.29 MPa (corresponding to a mechanical
index of 0.21—0.27) was obtained. A burst length of 10 000
cycles, repetition frequency of 0.25 Hz and total treatment
time of 3 min were used. After FUS treatment, animals
received another bolus injection of gadolinium-based con-
trast agent, and the MRI bed with the animal was placed
back in the scanner and a post-BBBD scan was performed
to detect BBBD, edema and hemorrhages.

After the post-BBBD MRI scan, the cannula was
removed, the head was cleaned and the animal was taken
off anesthesia and placed back in the cage with its dam
and other pups. To study whether the permeability of the
BBB was still increased at 24 h after BBBD, animals
were anesthetized as already described and given an
intravenous injection of gadolinium containing contrast
agent before undergoing another MR scan (24 h post-
BBBD). Thereafter, animals were euthanized with an
intraperitoneal injection of pentobarbital (200 uL; con-
centration, 100 mg/mL) and kept under anesthesia until
their breathing halted.

Animals used for measurement of the accumula-
tion of liposomes in the brain by ICP-MS were transcar-
dially perfused with PBS, after which the brain was
excised. Animals whose brains were used for CLSM
were injected with 50 uL of fluorescein-labeled Lyco-
persicon esculentum tomato lectin (2 mg/mL; Vector
Laboratories, Peterborough, UK) to label functional
blood vessels. The lectin was allowed to circulate for
5 min, after which the animal was euthanized and the
brain excised. All samples were kept frozen until fur-
ther analysis.
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Analysis of BBBD

The degree of BBBD was evaluated by measuring
the signal intensity in the T1 MR images using ImageJ
(version 1.51j; USA). A square region of interest was
drawn around six treatment spots and reused in four
consecutive images all at eye height. Large brain
structures were avoided. The same region of interest
was used on the contralateral hemisphere (control).
The ratio of the average intensity between the FUS-
treated and control hemisphere was calculated to
quantify the degree of BBBD. Visual examination of
the T2 images was performed to assess hemorrhages
(dark spots).

Inductively coupled plasma mass spectrometry

ICP-MS was used to quantify the amount of cis-
platin found in the collected tissue samples. Tissue sam-
ples (maximum 100 mg) were digested in aqua regia
overnight at 65°C. Thereafter, samples were diluted in
Milli-Q water containing 0.5 ppb iridium, followed by
dilution in 2% hydrochloric acid containing 0.5 ppb irid-
ium. Analysis was performed with an iCAP Q ICP-MS
system (Thermo Fisher Scientific, Hvidovre, Denmark)
fitted with an ASX-520 Autosampler and a ThermoFlex
2500 chiller. Before sample analysis, a TUNE B iCAP Q
element mixture (Thermo Fisher Scientific, Hvidovre,
Denmark) was used to calibrate the instrument. Serial
dilution of an analytical standard platinum solution was
used to generate a standard curve with data points in the
0.08—10 ppb range. In addition, the iridium content in
each sample was measured as an internal standard. The
same procedure was used to quantify the cisplatin con-
tent in the liposome formulations.

The phosphor content in the liposome formulation,
which is an indicator of phospholipid concentration, was
measured by diluting a sample of liposomes in 2%
hydrochloric acid containing 0.5 ppb gallium. A standard
curve with data points in the range of 25—100 ppm was
generated based on serial dilution of an analytical stan-
dard phosphor solution.

Brain sectioning for CLSM

Excised brains were mounted transversely on a
piece of cork with Tissue-Tek O.C.T. (Sakura, Alphen
aan den Rijn, the Netherlands) before samples were sub-
merged in liquid nitrogen.

Of the frozen brain samples, the first 1000 «m from
the top was removed, after which three slices of 25 um
thick and two slices of 4 um thick were taken. The latter
two were stained with hematoxylin, erythrosine and saf-
fron for histologic evaluation. This sectioning process
was repeated every 900 pm until the whole brain was sec-
tioned.

Confocal laser scanning microscopy

FUS-mediated delivery of the liposomes across the
BBB was verified by imaging frozen brain sections with
CLSM (LSM 800; Zeiss, Oberkochen, Germany). Before
imaging, sections were thawed at room temperature and
mounted with Vectashield (Vector Laboratories, Peter-
borough, UK). Tile scans of the whole brain section
were acquired using a 20 x /0.8 Plan-Apochromat air
objective lens (image properties: 512 x 512, 16 bit, pixel
size 624 nm, 10% overlap between tiles). Lectin was
excited with a 488 nm diode laser and emission was
detected between 490 and 600 nm. The DiD was excited
with a 640 nm laser diode and fluorescence was detected
between and 700 nm. A 40 x /1.2 C-Apochromat water
objective lens was used to obtain z-stacks of areas in
both the FUS-treated and the untreated (control) hemi-
sphere (image properties: 1024 x 1024, 16 bit, pixel size
156 nm, Airy scan, optical slice thickness 1.0 um). A z-
projection image (sum of slices) and 3-D rendering of
the z-stack were acquired and used for presentation.

Statistical analysis

Statistical analysis on all data sets was performed
with SigmaPlot (version 14.0; Systat Software Inc., San
Jose, USA). Depending on the type and number of data
sets compared, a paired #-test, unpaired #-test or one-way
analysis of variance with Dunnett’s multiple-comparison
post hoc test was performed. The statistical test used will
be specified in the caption of the corresponding figure. A
p value smaller than 0.05 was considered to indicate sta-
tistical significance.

RESULTS

Increased BBB permeability after FUS treatment

FUS exposure in the presence of MBs resulted in a
gadolinium-induced increase of the signal intensity,
demonstrating that the BBB permeability was increased.
Representative T1-weighted FLASH and corresponding
T2 MR images before and after (10 min) FUS exposure
are shown in Figure 2a. The observed intensity pattern
of BBBD corresponded with the 6 x 3 grid of spots used
during the FUS treatment and was observed along the
coronal and sagittal planes of the brain (Supplementary
Figure S1a). In all animals, the corresponding T2 images
showed an increased signal intensity throughout the
FUS-treated hemisphere (Supplementary Figure Sl1b),
indicating the presence of edema. No clear spots repre-
senting hemorrhages were detected in either the Tl
FLASH or T2 images, but the presence of hemorrhages
could not be fully ruled out.

The extent of BBBD was evaluated based on the MR
image intensity in the FUS-treated hemisphere relative to
the control hemisphere (Fig. 2b). The permeability of the
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Fig. 2. (a) Representative T1 fast low-angle shot (FLASH) and T2 images of an animal pre, post and 24 h post focused
ultrasound (FUS) treatment. Clear enhanced signal intensity is observed in the T1 FLASH and T2 images taken after
FUS treatment, indicating successful disruption of the blood-brain barrier and the presence of edema, respectively. No
clear hemorrhage spots can be observed in the T2 images. (b) Magnetic resonance image intensity increase in the FUS-
treated hemisphere relative to the control hemisphere in the T1 FLASH images at the three time points. Asterisks show
statistical significance (***p < 0.001, ns=not significant). The p values were derived from a one-way analysis of vari-
ance with Dunnett’s multiple-comparison post hoc test, comparing the values of the post and post 24 h data sets to the
pre-BBBD data set. Boxplot based on n=17 animals.

BBB was successfully enhanced in all animals, but to dif-
ferent extents (Supplementary Figure S2). Between the
animals treated with either the isotype IgG or the Anti-
TfR liposomes, no difference in degree of BBBD was
observed (Supplementary Figure S3). An increase in MR
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Fig. 3. Accumulation of cisplatin in the control and focused
ultrasound (FUS)-treated hemispheres after injection with
either the isotype immunoglobulin G (IgG) (orange) or the
transferrin receptor-targeting liposome (Anti-TfR) (blue). Each
symbol depicts an animal. In case of the Anti-TfR treatment
group, black and white symbols indicate animals treated with
batch 1 or batch 2 of the Anti-TfR liposome, respectively. The
bar plot is presented as mean with standard deviations. Aster-
isks show statistical significance (**p < 0.01, ns=not signifi-
cant). The p values are derived from a paired #-test; n=4 and
n=9 for the isotype IgG and Anti-TfR treatment groups,
respectively. %ID/g indicates percentage of injected dose per
gram of tissue.

image intensity of approximately 1.7 times between the
two hemispheres was observed in T1 images taken after
FUS treatment, which was a statistically significant differ-
ence relative to the pre-BBBD scan. At 24 h after FUS
treatment, the relative MR image-intensity increase had
returned to pre-BBBD values.

Increased accumulation of Anti-TfR liposomes in FUS-
treated hemisphere measured by ICP-MS

FUS and MBs increased the accumulation of Anti-
TR liposomes by approximately 40%, whereas animals
treated with the isotype IgG liposomes showed compara-
ble accumulation in both hemispheres at 24 h after treat-
ment (Figure 3). This time point was chosen to give the
liposomes sufficient time to cross the BBB and diffuse
into the brain parenchyma. Animals were perfused
before tissue samples of each hemisphere were extracted,
to remove cisplatin-loaded liposomes in circulation and
avoid contamination of samples. Two batches of Anti-
TfR liposomes were prepared, to have enough liposomes
to inject the animals. The different formulations and
batches showed similar liposomal characteristics (e.g.,
diameter, Zeta potential; Table 2).

Liposomes in the FUS-treated hemisphere mainly
observed in BCECs

Building upon the findings that FUS treatment
increased the delivery of the Anti-TfR liposomes, a cou-
ple of brains from treated animals (n=2 per liposome)
were sectioned and imaged with CLSM to verify the pres-
ence of liposomes in the brain tissue. Sections from
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Table 2. Characteristics of the cisplatin-loaded liposomes.

Liposome Diameter, nm Zeta potential, mV/ PDI CisPt concentration, mg/mL
Isotype IgG 178 £ 1.5 —11.7+0.5 0.145 + 0.02 0.054
Anti-TfR batch 1 180 £ 2.0 —10.6 £ 0.6 0.12540.01 0.054
Anti-TfR batch 2 181+ 0.7 —13.5+04 0.133+0.018 0.093

PDI=polydispersity index; CisPt = cisplatin; IgG = immunoglobulin G; Anti-TfR = transferrin receptor-targeting.

different depths of the brain were imaged by CLSM and
compared with the corresponding T1 FLASH MR images.
In sections whose corresponding MR image showed clear
gadolinium-enhanced contrast, the liposomes in the FUS-
treated hemisphere seemed to be located in clusters
(Figure 4a, 4e) corresponding to the grid of spots used
during the FUS treatment (Figure 1b) and the gadolinium-
enhanced contrast observed in the post-BBBD MRI scan
(Figure 4d, 4h). Superimposing the liposome channel of
the CLSM image with the corresponding MR image illus-
trated this more clearly (Supplementary Figure S4). Dif-
ferent extents of BBBD were observed at different levels
of the brain. In MR images with low gadolinium-
enhanced contrast, no clear pattern or increase in lipo-
somal accumulation could be visually observed in the cor-
responding CLSM tile scan (Supplementary Fig. S5).

To determine whether the brain accumulation
observed was owing to transport across the BBB and
presence of the liposomes in the brain parenchyma,
high-magnification CLSM was performed. In the control
hemisphere, both liposomes were located in the blood
vessels and no liposomes were observed in the brain
parenchyma (Figure 5). In the FUS-treated hemisphere,
both liposomes were observed either as diffusively stain-
ing BCECs or as a spotted structure aligned with the lec-
tin staining. Representative CLSM images are shown in
Figures 6 and 7 for animals treated with the isotype IgG
and the Anti-TfR liposome, respectively. The corre-
sponding 3-D renderings showed the location of the lipo-
somes with respect to the lectin staining more clearly
(Figsure 6b and 7b). In a few cases, a small number of

[ | LIPOSOMES BLOOD VESSEL | mereep | wm ]

..

IgG LIPOSOMES

Anti-TfR LIPOSOMES

Fig. 4. Confocal laser scanning microscopy tile scans and corresponding magnetic resonance images of animals treated

with the isotype immunoglobulin (IgG) (upper panel) and transferrin receptor-targeting (Anti-TfR) (lower panel) lipo-

somes. (a, e) Liposomes (red) and (b, f) blood vessels (green) are shown separately and (c, g) merged. (d, h) Correspond-

ing magnetic resonance images have been selected based on the brain structures observed in the tile scan. Scale bar is
2000 um. MRI=magnetic resonance imaging.
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Fig. 5. (a) Representative confocal laser scanning microscopy images acquired in the control hemisphere of animals

treated with the (i) isotype immunoglobulin G (IgG) and (ii) transferrin receptor-targeting (Anti-TfR) liposomes. Lipo-

somes (red) and blood vessels (green) are shown separately and merged. Scale bar is 20 pum. (b) 3-D renderings of the z-

stacks of the images shown in (a), verifying the intravascular location of both liposomes. Images were obtained with a
40 x /1.2 water objective lens.

both types of liposomes were observed in the brain
parenchyma (Supplementary Figsure S6 and S7).

DISCUSSION

Even after decades of research, the BBB continues
to be a major obstacle in treating several brain disorders
(Abbott et al. 2010). Nanomedicine shows potential to
enable targeted delivery to the brain by decorating drug-
loaded nanoparticles with BBB-targeting ligands, result-
ing in receptor-mediated uptake and transport across the
BBB (Sharma et al. 2019). Here we used liposomes func-
tionalized with OX26, a well-known antibody against the
rat TfR, which does not compete with endogenous trans-
ferrin (Pardridge 2015). In previous work, the OX26
antibody has shown good specificity toward the rat TfR
both in vitro and in vivo, and liposomes conjugated with
the OX26 antibody have shown good targeting ability
toward the brain microvasculature in post-natal rats
(Johnsen et al. 2017; Thomsen et al. 2019). In the present
work, we have combined intravenous injection of Anti-

TR liposomes with FUS-induced increase of BBB per-
meability to investigate if this approach enhanced the
delivery of the Anti-TfR liposomes across the BBB com-
pared with liposomes lacking the targeting moiety.

The liposomes were given 2 h to circulate and
attach to the BBB before MBs were injected and FUS
was applied. Previous studies have shown good accumu-
lation of TfR-targeted liposomes at the BBB at this time
point, and shown comparable amounts of the isotype
IgG liposomes and TfR-targeted liposomes still in circu-
lation (Johnsen et al. 2017; Kucharz et al. 2020). US set-
tings used were in the same range as those published by
others who achieved safe, local and transient BBBD
(McDannold et al. 2008a). In MR images obtained
directly after FUS treatment, clear extravasation of the
gadolinium contrast agent into the brain parenchyma
was observed, showing successful FUS-induced increase
of the BBB permeability.

Delivery of the cisplatin-containing liposomes to
the brain was quantified by ICP-MS, and the analysis
showed a statistically significant increase in brain uptake
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Fig. 6. (a) Representative confocal laser scanning microscopy images acquired in the focused ultrasound-treated hemi-
sphere of animals treated with the isotype immunoglobulin G (IgG) liposome. Liposomes (red) and blood vessels (green)
are shown separately and merged. Liposomes were found to either (i) diffusively stain endothelial cells or (ii) appear as
spots aligned with the lectin staining. Scale bar is 20 um. (b) 3-D renderings of the z-stacks of the images shown in (a),
verifying the extravascular location of the liposomes. Images were obtained with a 40 x /1.2 water objective lens.

of the Anti-TfR liposomes in the FUS-treated hemi-
sphere compared with the control hemisphere. Even
though a similar degree of BBBD was obtained in ani-
mals receiving the IgG liposomes, no increased uptake
of the IgG liposomes in the FUS-treated hemisphere was
observed.

Possible FUS-induced routes of extravasation are
opening of tight junctions, endothelial cell openings
(i.e., pore and channel formation), improved endocytosis
and increased transcytosis (Sheikov et al. 2004, 2008).
While both the isotype IgG and Anti-TfR liposomes
might exploit these routes, it is expected that owing to
the targeting moiety, the Anti-T{R liposome will benefit
mostly from improved endocytosis and transcytosis.
FUS-induced increase of clathrin-mediated endocytosis
has been reported in different cell types (Hauser et al.
2009; Tardoski et al. 2015; Fekri et al. 2016), which is
suggested to most likely be the internalization pathway
of TfR-targeting liposomes after receptor binding (John-
sen and Moos 2016). Even though these studies were
performed in vitro, FUS-induced increase of clathrin-

mediated endocytosis could explain the observed
increased brain uptake of the Anti-TfR liposomes in the
FUS-treated hemisphere compared with the isotype 1gG
liposomes.

In the control hemisphere, both liposomes accumu-
lated to the same degree. Surprisingly, the Anti-T{R lipo-
some did not perform better than the IgG liposome
despite its targeting moiety toward the BBB. Besides the
antibody attachment, the lipid composition and physico-
chemical characteristics of the two liposomes are simi-
lar. A possible explanation for this comparable uptake
between the isotype IgG and Anti-TfR liposomes might
be that IgG liposomes are capable of fusing with the
membrane of BCECs, as previously reported (Lindqvist
et al. 2016; Hu et al. 2017). Another explanation could
be that the 24 h time point was too late to detect any dif-
ference between the liposomes. In previous work, no dif-
ference in BCEC uptake of the isotype IgG and Anti-
TR liposomes at 24 h was observed, whereas a clear dif-
ference was observable at an earlier time point (Johnsen
et al. 2017). However, in that study, a clear difference in
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Fig. 7. (a) Representative confocal laser scanning microscopy images acquired in the focused ultrasound-treated hemi-

sphere of animals treated with the transferrin receptor-targeting (Anti-TfR) liposome. Liposomes (red) and blood vessels

(green) are shown separately and merged. Liposomes were found to either (i) diffusively stain endothelial cells or (ii)

appear as a spotted structure aligned with the lectin staining. Scale bar is 20 um. (b) 3-D renderings of the z-stacks of

the images shown in (a), verifying the extravascular location of the liposomes. Images were obtained with a 40 x /1.2
water objective lens.

favor of the Anti-TfR liposomes was still observed in the
brain parenchyma after 24 h.

While ICP-MS was performed to quantitatively
analyze the effect of FUS treatment on the accumulation
of the liposomes, CLSM was performed on brain sec-
tions to qualitatively determine the location of the lipo-
somes within the brain tissue. From CLSM tile scans, it
was observed that the distribution of liposomes corre-
sponded to gadolinium-enhanced contrast in the MR
images (i.e., liposomes accumulated at the location of
BBBD). In high-magnification CLSM images acquired
in sections of the FUS-treated hemisphere, both lipo-
somes were found to either diffusively stain BCECs or
form spots aligned with the lectin staining. Because the
displacement of the liposomal fluorescence was only
minimal with respect to the lectin staining, it was
believed that the observed liposomes were most likely
inside the BCECs. Because this kind of staining pattern
was not observed for both liposomes in the control hemi-
sphere, it was assumed that the observed accumulation

of both the IgG and Anti-TfR liposomes in BCECs was
induced by the FUS treatment. The more spotted staining
could represent liposomes in intracellular vesicles, and
the more diffuse staining could represent intracellular
degraded liposomes in the cytoplasm. Both have been
observed in vitro for Anti-TfR liposomes (Cerletti et al.
2000). Only a small number of both liposomes were
observed in the brain parenchyma of the FUS-treated
hemisphere, and none in the brain parenchyma of the
control hemisphere.

In case of the Anti-TfR liposomes, the mechanism of
transferrin receptor-mediated uptake of the liposomes is
still not fully understood. Most likely, the TfR-targeted
liposomes are endocytosed into clathrin-coated vesicles,
similar to the endocytosis of endogenous transferrin com-
plex (Johnsen and Moos 2016). What exactly happens to
the TfR-targeted liposomes during the intracellular sorting
seems to be affected by the number of antibodies or
ligands (Huwyler et al. 1996; Yuan and Zhang 2010) and
size and type of the vehicle conjugated to the antibody
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(Hatakeyama et al. 2004; Yuan and Zhang 2010). The
affinity of the antibody to the TfR will most likely also
affect the fate of the TfR-targeted liposomes, but its effect
on intracellular sorting and transcytosis has mainly been
studied for the use of solely antibodies (Yu et al. 2011;
Bien-Ly et al. 2014). Different degrees of brain uptake,
intracellular locations of the liposomes and locations of
drug release have been observed when these parameters
are varied.

Others have hypothesized that drug vehicles deco-
rated with a high-affinity antibody will result in the lipo-
some being transported back into the lumen and
intracellularly degraded, with inefficient drug release on
the abluminal side (Johnsen and Moos 2016). The 0X26
antibody used here is known to have a high affinity
toward the transferrin receptor, which could therefore be
the reason for the accumulation of the Anti-TfR lipo-
somes in BCECs.

A minimal amount of liposomal fluorescence was
observed in the brain parenchyma, which indicates
that only a few liposomes were transported into the
brain parenchyma by transcytosis or by exploiting the
opened tight junctions. However, this does not mean
that delivery of cisplatin to the abluminal side was
unsuccessful. It has been hypothesized that the cargo
of liposomes (i.e., cisplatin) might be released on the
abluminal side owing to its endosomal escape during
intracellular sorting (Johnsen and Moos 2016). Lipo-
somes that manage to cross the BCEC layer will
encounter the basement membrane, which can limit
the passage of nanoparticles (Muldoon et al. 1999;
Thomsen et al. 2017). The physicochemical character-
istics (e.g., charge) of the drug carrier used will most
likely determine the successfulness of crossing the
basement membrane (Muldoon et al. 1999; Lieleg et
al. 2009). After crossing the basement membrane, the
liposomes need to distribute through the brain paren-
chyma by a diffusion-driven process which depends
on particle size (Wolak and Thorne 2013; Nance et al.
2014). A drug carrier size of around 100 nm has been
suggested to be most efficient in terms of drug delivery
across the BBB and diffusion through the brain paren-
chyma (Gao and Jiang 2006). Diffusion of the rela-
tively large liposome (diameter ~180 nm) used in this
study could explain why the liposomal fluorescence
was only minimally displaced with respect to the lec-
tin staining.

Even though the exact location of the cisplatin in
the brain tissue (i.e., in the endothelial cell or brain
parenchyma) is unknown, the increased accumulation
demonstrates that FUS and MBs in combination with
T{R-targeting liposomes could be a promising approach
to enhance drug delivery to the brain.

CONCLUSION

FUS in combination with MBs resulted in an
increased delivery of TfR-targeted liposomes to brain tis-
sue, whereas no increased delivery of the isotype IgG lipo-
somes was observed. In the FUS-treated hemisphere, both
the isotype IgG and Anti-TfR liposomes were found to
mainly associate with BCECs, and only a minimal number
of liposomes were found in the brain parenchyma.
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Acoustic attenuation through the rat pup skull

The attenuation of the acoustic pressure through the rat skull was measured in a tank filled with
degassed water. Harvested skull bone from animals (n=6, p14-p17) used during the BBBD experiments
were placed 3-4 mm in front of a hydrophone (Onda, HGL-0200). The hydrophone was connected to
a pre-amplifier (AG-2010) and mounted to a motorized 3D stage (Onda, AIMS Ill) and positioned in the
focus of the transducer (60 mm). The acoustic attenuation of 30 cycle US pulses was measured at
three different locations for each piece of parietal bone. The acoustic signals measured by the
hydrophone were sent to an oscilloscope (PicoScope, 5244A) and post processed on a PC (Soniq
Software). The average attenuation of the 6 skull bones was approximately 2749% and used to

estimate the in situ pressure during FUS treatment.



FUS induced BBBD shown in axial, coronal and sagittal planes of the brain

Figure S1: FUS-induced BBBD shown in the axial, coronal and sagittal plane of the brain. (A) Axial T1-weighted FLASH MR image
at eye height and its (i) coronal and (ii) sagittal view. Increase in image intensity indicates extravasation of gadolinium contrast
agent. (B) Axial T2-weighted MR image at eye height and its (i) coronal and (ii) sagittal view. Increase in image intensity indicates
presence of oedema. (Scalebar in axial images 2 mm, Scalebar in coronal and sagittal images 12 mm).



Different extents of FUS-induced BBBD

A
BN

|
B

Figure S2: Representative images of (A) T1 FLASH images (T1) and (B) corresponding T2 images showing different extents
of FUS-mediated BBBD.



Extent of BBBD for the isotype IgG and Anti-TfR liposomes treatment group
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Figure S3: Relative MR image intensity increase plotted per liposome.
An unpaired t-test showed no statistically significant difference
between the two groups. Each symbol depicts an animal. (n=4 and
n=9 for the isotype IgG and Anti-TfR treatment group, respectively)



CLSM image superimposed with the T1-weighted FLASH MR image

Figure S4: Liposomal channel of the CLSM image (red) superimposed on the corresponding T1-
weighted FLASH images for an animal treated with the (A) isotype IgG liposome and (B) Anti-TfR
liposome. Prior to superimposing the images, the microscopy image was thresholded, the
background was removed and the image was cropped to only show liposomal signal in the
hemispheres. Procedure was the same for both examples presented.
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High magnification CLSM images of animals injected with the isotype IgG liposome

Figure S6: (A,C,E) High magnification CLSM images and (B,D,F) corresponding 3D renderings of those images acquired in
sections of an animal injected with the isotype IgG liposomes. Liposomes and blood vessels are shown in red and green,
respectively. Liposomes are found intravascular in the control hemisphere (A,B) while in the FUS-treated hemisphere (C-
F), the liposomes are located mainly extravascular. Arrows indicate liposomes that are possibly located in the brain
parenchyma. Scalebar is 20 um.



High magnification CLSM images of animals injected with the Anti-TfR liposome

Figure S7: (A,C,E) High magnification CLSM images and (B,D,F) corresponding 3D renderings of those images acquired in
sections of an animal injected with the Anti-TfR liposomes. Liposomes and blood vessels are shown in red and green,
respectively. Liposomes are found intravascular in the control hemisphere (A,B) while in the FUS-treated hemisphere (C-
F), the liposomes are located mainly extravascular. Arrows indicate liposomes that are possibly located in the brain
parenchyma. Scalebar is 20 um.
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