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Chapter 1

Introduction

The efficacy of therapeutic strategies is not only based on their specific activ-
ity against diseases, but also on their selectivity in targeting the pathological
district of the organism. Traditional therapeutic approaches are based on
drug even distribution within the body, mostly through the cardiocircula-
tory route. This entails the interaction of the pharmaceutical agent with
the biological barriers of the organism, i.e. specialised structures regulating
the exchanges between different compartments of the living systems and pre-
venting the passage of exogenous molecules [1]. Among them, the endothelial
barrier is composed of a compact monolayer of endothelial cells (ECs) lining
the internal lumen of blood vessels [2]. ECs are tightened together by interen-
dothelial junction complexes, where the adhesion protein vascular endothelial
(VE)-cadherin accounts for direct contact between adjacent cells and is thus
mostly responsible for the barrier activity [3, 4]. Given its organisation, the
endothelium is one of the main obstacles to drug accumulation at the target
site. Moreover, once in the pathological tissue, pharmaceutical agents need
to interact with another barrier, i.e. the plasma membrane (PM). It is mainly
composed of lipid molecules, organised in a continuous bilayer that encloses
cell interior and metabolic processes, isolating them from the surrounding
environment and regulating the passage of substances. Cell membrane is
a highly dynamic structure, whose functioning is deeply associated with its
biomechanical features |5, 6]. Such a complex scenario implies two main risks
for therapeutic approaches: either drugs undergo chemical modifications and
inactivation, or they accumulate in other districts of the organism, where
they can provoke off-target side effects. As a result, since only a small drug
amount does reach the target side, greater doses need to be administered in
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order to obtain the therapeutic effect. This, in turn, might raise the risk of
causing undesirable side effects [1].

Pharmaceutical research has addressed these issues through the develop-
ment of targeted drug delivery systems (DDS), i.e. strategies and formu-
lations aimed at controlling drug pharmacokinetics and biodistribution, to
maximise drug transport to the pathological site and increase its therapeutic
effect, also allowing the administration of smaller doses [7, 8, 9]. Since Paul
Ehrlich’s first theorisation of the "magic bullet" concept, according to which
drugs can be directed straight to their target site, advancement in pharma-
cology has brought to the development of different drug delivery strategies
[10, 11]. They include methods to increase the permeability of biological bar-
riers [12], such as cavitation, i.e. bubble nucleation in a fluid due to pressure
decrease (homogeneous cavitation) and to the presence of inhomogeneities
(heterogeneous cavitation) [13]. Heterogeneous cavitation can be induced in
biological tissues through the oscillatory pressure generated by ultrasound
(US), currently employed in clinics for imaging, diagnostic and therapeu-
tic purposes. The microbubbles (MBs) used as ultrasound contrast agents
(UCAs) in imaging, which are air- or gas-filled micrometre-sized bubbles
covered by a stabilising lipid shell, sense the acoustic pressure and oscillate
in accordance with the acoustic field [14|. This further favours cavitation
occurrence (USMB-mediated cavitation) and exerts a mechanical stress on
biological barriers. In particular, USMB-induced bioeffects determine the re-
organisation of membrane lipids, causing the opening of pores on cell surface
[15, 16], as well as the rearrangement of interendothelial junction complexes,
leading to a temporary and reversible increase in endothelial permeability
[17]. USMB-mediated cavitation has thus gained increasing attention as an
effective strategy to enhance endothelial permeability and drug delivery effi-
ciency [18].

In this context, in vitro experimental models faithfully reproducing bio-
logical barriers are required to characterise their features, with a particular
focus on their biomechanics, and recapitulate their behaviour. In particular,
endothelial monolayers have been so far obtained through two-dimensional
(2D) traditional cell cultures techniques. However, they lack biological rele-
vance as they do not include some stimuli, e.g. mechanical cues like the shear
stress, which have been proven crucial for the maturation of a functioning
barrier [19, 20]. Among PM models, giant unilamellar vesicles (GUVs) are
vesicular models (10 — 100 gm in diameter) with adjustable size and composi-
tion, which mimic cell membrane features [21|. They are particularly useful



for the characterisation of membrane biomechanics and rigidity, described
by the bending rigidity modulus , which influences membrane response to
external mechanical stimuli [22]. Microfluidics, consisting in fluid manipula-
tion at the microscale within micro-sized devices of customisable geometries,
provides a cost-effective, easy to handle and versatile technology for the real-
isation of such models |23]. Microfluidic platforms offer a confined microen-
vironment where the experimental conditions can be finely tuned in terms of
flow rates as well as mechanical and chemical properties [24]. Within these
platforms, cells can be cultured to realise three-dimensional (3D) endothelial
models, possibly entailing flow-induced shear stress to recreate physiological-
like conditions [25]. Analogously, membrane models such as GUVs can be
produced through microfluidics, with precise control over their composition
as well as over biochemical and biomechanical features [26, 27].

The goal of this PhD project consists in employing two microfluidic sys-
tems for the realisation of these biological models, i.e. an endothelial layer
and GUVs. The aim of the first experimental model concerns the investiga-
tion of the endothelial dynamic response to USMB-mediated cavitation, while
the second platform is intended for high-throughput production of GUVs as
an experimental model of phospholipid bilayers, for the successive character-
isation of some biomechanical properties.

As far as the endothelial model is concerned, previous work from our
group led to the realisation of a blood vessel-on-chip model, recapitulat-
ing physiological-like conditions, to investigate the effects of its exposure
to US in presence or in absence of MBs [28, 29]. The resulting cavitation
phenomena are indeed shown to crucially affect VE-cadherin organisation,
leading to endothelial permeabilisation through the opening of interendothe-
lial gaps. In the present work, this effects will be initially investigated in
a "static" way, through immunofluorescence assays performed after the end
of the insonation. Endothelial permeabilisation will be quantitatively eval-
uated through an image analysis code for interendothelial gap identification
and measurement. Moreover, since endothelial permeabilisation has been
proven to be transient and reversible, with the full recovery of barrier in-
tegrity, attention will be successively paid to the time scale of this process.
The aim is to investigate the early events after the exposure to US and char-
acterise the dynamics of interendothelial junctions opening and closure. For
this purpose, the blood vessel-on-chip system will be adapted for the real-
time characterisation of cell response to USMB-induced mechanical stimuli.
This is achieved using a genetically modified ECs population, expressing flu-
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orescent VE-cadherin. The developed system, mimicking blood vessel physi-
ological characteristics, will be employed to follow VE-cadherin and junction
dynamics over time, in response to endothelial exposure to US in presence
or in absence of MBs.

In parallel, the other aim of this PhD project is to develop a microflu-
idic system for GUVs production. This will involve the choice of a suitable
geometry to allow controlled interactions among three immiscible solutions
for the formation of a water-in-oil-in-water (W/O/W) double emulsion [27].
Indeed, this template allows phospholipid molecules to organise into a con-
tinuous bilayer enclosing an aqueous environment, ultimately forming GUVs.
This project is intended to design and test the microfluidic platform as well
as the experimental protocol. The composition of the three solutions will
be initially determined for the formation of stable vesicular systems and for
the extraction of oil residues from the phospholipid bilayer. Then, the mi-
crofluidic protocol will be established, identifying suitable flow rate values
for vesicle formation. The GUVs obtained through this approach will be ini-
tially characterised with optical microscopy. An image acquisition protocol
is thus to be established, in light of the next characterisation of membrane
biomechanical properties through thermal fluctuation analysis.

The present PhD thesis offers a theoretical overview of the different topics
mentioned so far, together with the detailed description of the experimental
work that was carried out. Chapter 2 describes biological barriers, focusing
on the PM and on the vascular endothelium, from a biological, chemical and
mechanical viewpoints. Moreover, information about experimental models
reproducing PM features will be provided. In Chapter 3, the basic principles
and physics of cavitation are reported, along with the description of MBs and
their interaction with US. The effects of these interactions on biological bar-
riers and how they are exploited to enhance drug delivery are also discussed.
Chapter 4 is devoted to the description of microfluidics and its employment
in biomedical research. In particular, an overview is provided on microfluidic
platforms for the realisation of biological barrier models, i.e. the endothe-
lium and the PM. Moving from this theoretical background, Chapter 5 is
focused on the experimental work for this PhD project, with the description
of the blood vessel-on-chip model and of the microfluidic platform for GUVs
production. Initially, the soft lithography technique for the fabrication of the
microfluidic devices is presented. The successive section provides a thorough
description of the USMB-mediated cavitation experiments, carried out to en-



hance the permeabilisation of the endothelial barrier and its dynamics. The
relative results are presented and discussed. The last part of Chapter 5 is
devoted to illustrate the experimental set-up developed for the realisation of
GUVs through microfluidics, with the obtained results. Finally, in Chapter 6
the presented project is summarised and some possible future developments
are pointed out and discussed.






Chapter 2

Biological barriers: structure,
mechanical properties and
biological relevance

The definition of biological barriers is deeply related to their function in
living organisms. They guarantee compartmentalisation in cells, tissues and
organs, separating their internal from the external environment, as well as
different areas within the same biological entity. Yet still, they also allow
communications between the areas they isolate, thanks to their capability to
control the passage of substances by highly selective transport routes. Their
role is crucial for cell/tissue integrity and homeostasis [30, 31].

Their biological structure accounts for their crucial functions, as it will
be discussed throughout this chapter.

2.1 The plasma membrane

2.1.1 Plasma membrane structure and functions

The plasma membrane (PM) is the biological barrier constituting the outer
boundary of living cells. With its thickness ranging from 5 to 10 nm [32],
it plays the crucial role of enclosing and isolating cell metabolism and bio-
chemical processes from the surrounding environment, while still allowing
interactions with it [31].

PM is shortly defined as a lipid bilayer with embedded proteins; it is

7
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sketched in Fig. 2.1A. Indeed, its main structural component is represented
by lipid molecules, mostly phospholipids (Fig. 2.1B). They are composed
of a hydrophilic "head", consisting in a phosphate group linked to another
polar group (most commonly choline, ethanolamine or inositol), and two hy-
drophobic "tails" of fatty acid chains (acyl chains). These can show variable
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Figure 2.1: Plasma membrane and its constituents. A. Sketch of the PM
structure, described as a phospholipid bilayer with embedded proteins. Proteins
interacting with the bilayer can be transmembrane (integral) or peripheral. Car-
bohydrates (oligosaccharides) are another PM component and can be attached to
proteins (glycoproteins) or lipids (glycolipids). Modified from [31]. B. Phospho-
lipids structure. The hydrophilic "head" comprises a phosphate group connected to
a polar "R" group of different kinds (details are in the main text). The hydropho-
bic "tail" is composed of two fatty acid chains (acyl chains), which can differ in
length and number of unsaturated bonds. Modified from [31]. C. Cholesterol is
constituted by the steroid ring system of 4 fused carbon rings (from A to D), which
is linked to a hydrophobic hydrocarbon tail and to a hydrophilic hydroxyl group.
Modified from [33]. D. The Fluid-Mosaic Membrane Model proposed by Singer and
Nicolson in 1972, describing cell membrane as a two-dimensional fluid phospholipid
bilayer with embedded and associated proteins. Taken from [34].
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lengths and be either saturated or unsaturated - the latter having one or
more double bonds between the carbons of the chain [34, 35]. Cholesterol is
another fundamental lipid constituting the PM of mammalian cells. Rigid
and planar, it is composed of 4 fused carbon rings (named from A to D),
the steroid ring system, which is linked, on one side, to a short non-polar
hydrocarbon tail and, on the other side, to a polar hydroxyl group, as shown
in Fig. 2.1C [33, 36].

The lipids composing the PM are amphiphatic molecules. This character-
istic is crucial for membrane structure and function. Indeed, since both the
extracellular and intracellular environments are hydrophilic, lipid molecules
self-assemble to minimise energetically unfavourable interactions between the
hydrophobic fatty acid chains and the surrounding water molecules. This re-
sults in the formation of two lipid leaflets (layers) one against the other, with
the heads directed outward, in contact with the polar environment, whereas
the acyl chains are isolated in the internal structure 35, 31]. According to
the thermodynamics of this system, cholesterol molecules are embedded in
the membrane, with the planar steroid ring system parallel to fatty acid
chains and the small polar head oriented toward the aqueous surroundings
[33, 37, 38|.

Proteins are the other fundamental component of PM [39]. They can
be associated with its surface on either side (i.e. peripheral proteins), or
directly inserted within the lipid bilayer (i.e. integral or transmembrane
proteins). Their presence is crucial for several membrane functions, such as
signal transduction, cell-cell interactions as well as transport of molecules
and compounds across the PM [5, 34].

Finally, carbohydrates interact with the membrane surface on both sides
and are mostly linked to membrane proteins [40, 41, 42|.

PM molecular arrangement, mostly based on non-covalent interactions,
was firstly described by the Fluid-Mosaic Membrane Model (F-MMM), see
Fig. 2.1D, proposed by Singer and Nicolson in 1972 [34], which was succes-
sively integrated with new experimental evidence, resulting in the current
accepted model [5]. According to it, cell membrane is a two-dimensional
fluid system composed of a phospholipid bilayer with embedded proteins
and associated carbohydrates. Lipid and protein compositions can differ be-
tween the two leaflets, resulting in an asymmetric membrane [5, 43, 44]. In
this system, molecular lateral diffusion, albeit allowed, is restrained by the
existence of confined domains within each leaflet. They are delimited by spe-
cific lipid-lipid and lipid-protein interactions, as well as by the interaction of
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membrane components with the extracellular matrix [45] and the cytoskele-
ton [46]. Membrane fluidity is mostly influenced by temperature and lipid
composition. At higher temperatures (e.g. 37°C), the PM is fluid and ap-
pears as a liquid crystal where molecules are relatively free to move. Below
a defined transition temperature, determined by membrane lipid composi-
tion, it shifts into a more static and packed crystalline gel. In this context,
cholesterol alters fatty acid compactness. Hence, it accounts for an interme-
diate phase, which is ordered with regard to the acyl chain conformational
structure and disordered in the lateral positions of the molecules. It has been
defined as liquid-ordered phase, to distinguish it from the liquid-disordered
(fluid) phase [5, 47, 48].

The complex and compact structure of PM accounts for its barrier func-
tion. Indeed, it prevents the spontaneous and indiscriminate passage of
substances. Only certain molecules are allowed to cross the bilayer, be-
ing specifically selected on the basis of their favourable interactions with
membrane components. Hence, the PM is defined as a semipermeable bar-
rier. Selective molecular transport across the membrane can be passive or
active [49]. Diffusion is at the basis of passive transport and consists in
the spontaneous movement of substances along their concentration gradient.
Hydrophobic molecules or small ions directly pass through the phospholipid
bilayer (simple diffusion). Polar or bigger substances are recognised by PM
protein transporters, which form transmembrane channels to favour molec-
ular passage (facilitated diffusion). Active transport, on the other hand,
implies energy consumption to move substances against their concentration
gradient. This is accomplished by energy-driven protein "pumps", which
couple molecular transport with the hydrolysis of highly energetic phosphate
bonds of adenosine triphosphate (ATP) [50, 51, 52]. Furthermore, cells are
able to take up substances from the surrounding environment through less
specific and multi-step mechanisms, such as endocytosis [53, 54]. It begins
with the formation of a budding structure from the PM, which progressively
invaginates until a membrane vesicle detaches inside the cell. This implies
the internalisation of extracellular fluids and molecules as well as of mem-
brane proteins. Endocytosis is supported and regulated by several proteins
interacting with the membrane, such as clathrin, which coats the vesicle sur-
face (clathrin-mediated endocytosis). However, other pathways exist which
are independent of the clathrin coat (clathrin-independent endocytosis), e.g.
caveolar endocytosis [55].
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2.1.2 Membrane energy and biomechanics: Helfrich’s
model

As a physical system, a certain value of free energy is associated with the
membrane, resulting from its intrinsic properties and from its interactions
with the surrounding environment. When forces exerted on the phospholipid
bilayer are balanced, the system is at its equilibrium state, with the minimum
value of free energy. Cell physiological processes or (external) mechanical
stimuli perturb this state and affect membrane energy.

In 1973, Helfrich proposed a model to describe membrane free energy and
its alterations, along with the related biomechanics [56]. According to this
model, curvature is the only strain affecting membrane shape and free energy.
Contributions from other kinds of strain related to phospholipid orientations
and interactions, such as stretching (due to tangential stress) and tilt (due to
torque densities exerted on lipid molecules), are considered transient or too
small, respectively, hence negligible. Helfrich’s model links the bilayer free
energy to its shape, thus to its biomechanics, through the membrane curva-
ture. Three different contribution are considered. The mean curvature of the
membrane, H, is the actual curvature, determined by the configuration of the
phospholipid molecules and the resultant of the forces exerted on the bilayer.
The spontaneous curvature, Cy, is the mean curvature that minimises the
free energy and results from the different chemical composition of the two
leaflets [56]. Finally, the Gaussian curvature, K, is inherent to membrane
bilayer, and, according to the Gauss-Bonnet theorem, it is a topological in-
variant. Hence, its value is constant as long as membrane topology does not
change and it only accounts for drastic shape changes (e.g. from a sphere
to a torus) which can occur during some cell processes, such as endocytosis
[57, 58|.

In particular, named R; and Ry the principal radii of curvature of the mem-
brane, mean and Gaussian curvatures are defined as:

1( 1 1
H=-|—+ — 2.1
2<R1+R2> (2.1)
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Membrane curvature is linked to its free energy by the following relation [56]:

E=>" /% [H(H—COPHGK] dSi+ai</dS—So> +pi</dV—VO>

i=1,2

(2.3)
In this equation, ¢ denotes each phospholipid leaflet, which can differ between
each other in terms of free energy, by virtue of membrane asymmetry. o is
the surface tension, p the turgor pressure, Sy and V; stand for the membrane
surface area and volume, respectively, under zero-stress conditions. dS and
dV represent the area and the volume, respectively, of infinitesimal elements
of the membrane; k and kg are two curvature-elastic moduli with the dimen-
sions of energy. k¢ is the saddle-splay modulus associated with the Gaussian
curvature, accounting for the energy cost of saddle-like deformation. & is
the membrane bending rigidity modulus, which describes the cost, in terms
of energy, of deviations from the spontaneous curvature, thus representing
membrane rigidity [56].

k is an important parameter for the description of bilayer biomechanical
and chemical characteristic. Its value depends on membrane features and
thermodynamic state, as well as on the surrounding environment [56, 59].
For instance, x can be affected by membrane lipid composition, i.e. the
nature of polar heads or the length and level of unsaturation of the acyl
chains [60, 61, 62|. The presence of specific lipids, e.g. cholesterol [63, 64],
or proteins [65] can also influence its value. Moreover, the characteristics
of the surrounding environment, such as temperature variations [61, 63] and
buffer composition |66, 67|, have been reported to influence the value of this
parameter.

2.1.3 Artificial membrane models for biomechanical in-
vestigations

Several experimental models have been created to reproduce and investi-
gate PM characteristics in more controlled and simpler structures. Initially,
symmetric membranes, i.e. with the leaflets having the same composition,
were mostly synthesised exploiting lipid spontaneous self-assembling. Suc-
cessively, research focused on the realisation of more realistic asymmetric
bilayers [68, 69, 70].

A first classification can be made distinguishing between planar and vesic-
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ular lipid bilayer systems. Among planar membrane models, supported lipid
bilayers (SLBs) results from the deposition of a lipid bilayer onto an inorganic
support, in direct contact with it |71, 72| or separated by an ultrathin polymer
cushion [73]|. Maintaining the thermodynamics and the structural properties
of a free bilayer |74, 75, 76|, SLBs have been used for surface functionalisa-
tion, for protein reconstitution within the bilayer, as well as for investigations
on molecular diffusion and interactions |73, 74, 77, 78, 79]. Pore-spanning
lipid bilayers are another model system, most often used for biomechanical
investigations. They consist in a lipid bilayer spread over a highly porous
support to obtain portions of free membrane suspended on nano-sized pores
(nano-black lipid membranes - BLMs). Their main advantage is that they
allow easier measurements of membrane bending and stretching [80, 81, 82].

Vesicular model systems, on the other hand, represent an extremely versa-
tile tool to reproduce membrane characteristics. They find important appli-

@ ©

Small unilamellar  Large unilamellar unilamellar

Multivesicular

20 nm 1 pm 200 pm

Diameter

Figure 2.2: Classification of vesicular membrane model systems. Vesicular
membrane models can be classified according to their lamellarity and size. Based
on the first criterion, unilamellar, oligolamellar and multilamellar vesicles are dis-
tinguished. Unilamellar vesicles can be classified as small (20 — 100nm), large
(100nm — 1 gm) or giant (10 — 100 um), depending on their size. Multivesicular
systems are formed by several non-concentric vesicles encapsulated within a single
bilayer vesicle. Adapted from [84].
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cations in several fields, including biomechanics and biomedicine. As shown
in Fig. 2.2, they can be classified on the basis of two different criteria, namely
lamellarity and size [83, 84]. Lamellarity refers to the number of concentric
bilayers (lamellae) composing the vesicles, and accounts for the distinction
among unilamellar, oligolamellar (OLVs, 2 — 5 bilayers) and multilamellar
(MLVs, > 5 bilayers) vesicles. According to their size, unilamellar vesicles
are further classified into small unilamellar vesicles (SUVs, 20 — 100nm),
large unilamellar vesicles (LUVs, 0.1 — 1 ym) and giant unilamellar vesicles
(GUVs, 10 — 100 um) [83, 21]. MLVs, SUVs and LUVs can be also referred
to as liposomes (from Greek lipos = fat, lipid; soma = body), while other
authors (e.g. [85]) consider the word liposome as a synonym of spherical lipid
vesicle. On the other hand, the nomenclature of "Giant Vesicles" was used
for the first time at the end of the 1970s [86].

For their smaller size, liposomes (MLVs, SUVs, LUVs) have been widely
employed in pharmaceutical and clinical fields, for example as drug carriers
[87]. On the contrary, GUVs are more suited for the reproduction of mem-
brane characteristics for several purposes, including biomechanical investiga-
tions [22]. However, in recent years, potential for innovative employment of
GUVs for drug delivery applications came to light, as it will be discussed in
§ 2.3.

GUVs as artificial models of cell membranes

GUVs are widely employed in research for their advantageous features. With
a bilayer thickness of approximately 4—5nm and diameter ranging from 10 to
100 pm, they match the cell-size scale and represent a valid tool to resemble
physiological membranes |21, 88|. Once formed, they are stable for a period of
time ranging from a few days [85] up to three months [89]. Moreover, they can
be easily handled and observed through optical microscopy, also for real-time
monitoring. Indeed, label-free techniques, such as phase-contrast and differ-
ential interference contrast (DIC) optical microscopy, can be used to enhance
image contrast to optimise membrane visualisation [90, 91]. GUVs can be
also investigated with fluorescence microscopy approaches (92, 93|, including
wide-field [94] and confocal [95] microscopy, as well as fluorescence correla-
tion spectroscopy [96], laser scanning [97|, Forster resonance energy transfer
(FRET) [95, 98] and fluorescence recovery after photobleaching (FRAP) [99].
Either fluorescent lipids can be directly incorporated in the bilayer or fluo-
rescent probes, e.g. DilCyy or LAURDAN, can be associated to the formed
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GUVs membrane (96, 100, 101].

Another element of GUVs versatility is related to their variable composi-
tion, which can be modified by including different kinds of lipids (either natu-
ral or synthetic), also in different proportions, in the production process. This
allows to adjust membrane biophysical and biomechanical features and to in-
vestigate the contribution of different lipids to the PM characteristics [88].
For example, cholesterol has been reported to differentially interact with fatty
acid chains of phospholipids (e.g. unsaturated glycero-phospholipids and sph-
ingomyelin), leading to distinct packing and conformational changes, which
resulted in modified lipid diffusion coefficients, also depending on cholesterol
amount [102].

Such a flexibility can be further increased with the inclusion of proteins,
which can be either loaded within the GUVs aqueous internal compartment
or associated with the GUVs bilayer [103]. In the first case, the reconstitution
of functional cytoskeletal proteins has been successfully accomplished [104,
105, 106]. Likewise, both peripheral and transmembrane bilayer-associated
proteins have been successfully reconstituted into GUVs, recapitulating their
biological activity upon interaction with the lipid membrane [107, 108|, even
distinguishing areas with different curvatures [109].

Given their versatility, GUVs have been exploited as biomimetic tools,
to study compartmentalisation and cellular crowding [110, 111], to be used
as microreactors [112, 113], up to the possibility to recreate an artificial cell
[114, 115, 116]. However, GUVs main applications pertain the investigation
on membrane features and interactions, as well as on their biomechanical
and rheological properties [22, 117]. As far as membrane biomechanics is
concerned, GUVs have been employed to characterise membrane curvature
and elastic properties, with particular focus on the modulus « |22, 118]. For
this purpose, a simple and commonly used method is based on micropipette
aspiration [119, 120], exploiting a gas capillary to exert a suction pressure
on the membrane. This generates mechanical tension and subsequent area
variations, that are mathematically linked to .

Another widespread technique to assess membrane rigidity is the thermal
fluctuation analysis [121, 122, 123|. It is a simple and non-demanding ap-
proach consisting in acquiring a series of snapshots of the vesicle over time
to observe the lipid bilayer fluctuations, implying low membrane tension.
The analysis focuses on the extraction of the vesicle contours and in their
Fourier decomposition, to calculate the mean square values of shape devi-
ations. Being such membrane deformations dependent on the temperature
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and on the mechanical properties of the lipid bilayer, x can be extracted from
this procedure [22, 124].

2.2 The vascular endothelium

Among the biological barriers of human organism, the vascular endothelium
is the tissue lining the lumen of all blood vessels of the vascular tree, in direct
contact with the blood stream. It is composed of a thin and uniform layer of
specialised epithelial cells, the endothelial cells (ECs), supported by a basal
lamina. In the vascular system, the endothelium plays a fundamental role
in the homeostasis of blood vessels, being involved in vasodilation and vaso-
constriction, coagulation, inflammation, and immune response. Its barrier
function is particularly evident in capillary vessels, where the endothelium
acts as a selective, semipermeable barrier, allowing the bidirectional passage
of specific substances (nutrients, gas, signalling molecules, even cells) while
hindering it to potentially harmful or toxic molecules, e.g. drugs [2, 125, 126].

Such a fundamental function is deeply linked to its structure and or-
ganisation. Indeed, ECs are connected and compacted by interendothelial
junction complexes, which tighten the cells in an impermeable monolayer
[127]. Interendothelial junctions can be classified according to their func-
tional characteristics:

e Adherens junctions (AJs). AJs are ubiquitous in the vascular tree,
where they are the prevalent kind of junction, and are constituted by
several proteins, including adhesion proteins of the cadherin family
[128]. Among these, the major AJs component is the vascular endothe-
lial (VE)-cadherin, specific of the endothelial tissue and regulating its
integrity and permeability [3, 4, 129].

e Tight junctions (TJs). TJs, predominant in small arterioles, mostly
account for vascular impermeability, as they are composed of protein
families (claudins [130], occludins [131], junctional adhesion molecules,
JAMs [132]) that "seal" adjacent cells together, preventing molecular
passage. As such, they are preferentially localised in specific body dis-
tricts where they are fundamental to the establishment of a functional
barrier, like in the case of blood-brain, gut-blood or blood-testis bar-
riers. Analogously to AlJs, TJs are also involved in several endothelial
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signalling pathways, including mechanotransduction and regulation of
cell growth [133, 134].

e Gap junctions (GJs). GJs are a kind of interendothelial junction
mediating communication between adjacent cells [135]. Indeed, they
consist in channels, made up of connexin proteins [136], that directly
connect cell cytoplasms, allowing the passage of small molecules, in-
cluding Ca?* and other ions, as well as water molecules [127].

Adherens junctions are principally involved in endothelial permeability,
accounting for tissue architectural integrity and making the endothelium
a size-selective and semipermeable barrier, where molecular passage occurs
through two well-characterised routes, the paracellular and transcellular (tran
scytotic) pathways [137]. Paracellular transport consists in substances diffu-
sion across the endothelium upon AJs loosening and consequent opening of
gaps between adjacent cell, due to VE-cadherin rearrangements. In this case,
despite the lack of molecular specificity, the passage is limited to molecules
with radii up to 3 nm [138, 139]. On the other hand, transcellular route
involves the transport of material within a cell through energy-dependent
vesicular trafficking. This process allows the passage of bigger molecules,
e.g. albumin and albumin-bound ligands [140, 141|, insulin, low density
lipoproteins, and other hormones [142, 143, 144|. Being triggered upon spe-
cific ligand-receptors molecular recognition, this mechanism is more selective
compared to the paracellular pathway [139, 145].

VE-Cadherin. VE-cadherin, the main protein regulating endothelial ar-
chitecture and permeability, is preferentially localised within the intercellu-
lar junctional complexes [3]. It is a transmembrane protein, which estab-
lishes, on the extracellular side, Ca?*-mediated homophilic contacts with
other molecules on adjacent cells. On the other hand, its cytosolic por-
tion is associated with scaffolding and signalling proteins, thus linking AJs
to the cell actin cytoskeleton [146]. This configuration makes VE-cadherin
and AJs highly dynamic structures, crucially involved in signal transduction
pathways, especially those related to mechanotransduction and the response
to the shear stress exerted by blood flow [147, 148]. Indeed, VE-cadherin
can either sense mechanical stimuli from the surrounding environment and
transfer them to the cell cytoskeleton, or it can be affected by intracellular
signals, consequently altering AJs organisation [149, 150, 151]. Furthermore,
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A  Subconfluent cell culture  Recently confluent cell culture  Long confluent cell culture

Interrupted pattern Linear pattern Reticular pattern Plaque-like pattern

Figure 2.3: VE-Cadherin patterns in relation with cell confluence A. Hu-
man umbilical vein endothelial cells (HUVECSs) cultures at different stages of con-
fluence. B. Molecular patterns observed in HUVECs cultures stained for VE-
cadherin (red). Details are explained in the main text. Modified from [128] (A)
and [152] (B).

cell functional state and density, as well as tissue maturation state, affect
VE-cadherin organisation as well, resulting in four morphological patterns,
namely linear, interrupted, reticular or plaque-like structures, associated with
the cell cytoskeleton [128, 152]. They are reported in Fig. 2.3 in relation to
cell confluence (i.e. the surface percentage of the culture system covered
by cells) in a 2D culture model. In subconfluent cultures (i.e. insufficient
amount of cells to form a compact and uniform monolayer), VE-cadherin is
only detected at the cell periphery where cells have already formed intercellu-
lar contacts, hence, it appears interrupted. When cells reach full confluence,
contacts between them are established along their entire periphery and VE-
cadherin appears as a fine line along cell perimeters. As culture confluence
progresses, cells pack together and their area decreases and VE-cadherin,
not varying in quantity, thickens, acquiring a more complex, reticular pat-
tern [128, 152]. Moreover, another kind of pattern was observed during the
dynamic process of cell maturation, involving changes in cell morphology
and organisation. Membrane portions of adjacent cells were shown to over-
lap, guided by the remodelling of the actin cytoskeleton, forming transient
structures called junction-associated intermittent lamellipodia (JAIL), whose
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size and number is inversely proportional to cell density. VE-cadherin was
reported to gather at these sites and cluster in a plaque-like pattern, which
successively bring to the formation of cell junctions, during JAIL retraction

[153).

Furthermore, it has been also demonstrated that the endothelium is sig-
nificantly affected by the mechanical stimulation exerted by shear stress. In
vitro studies, both in 2D cultures and in more complex (also 3D) experi-
mental systems, have shown that physiological levels of shear stress favour
ECs elongation and alignment in the direction of the flow. Flow-related me-
chanical cues also affect interendothelial junctions stability and VE-cadherin
patterns. Indeed, short-term exposure to shear stress induces VE-cadherin
linear pattern, while long-term exposure brings to protein aggregation at in-
tercellular contact points. This is associated with the strengthening of cell
junctions, hence favouring the overall barrier integrity. These rearrangements
have been also linked to the reorganisation of the actin cytoskeleton into
evenly distributed stress fibres, occurring in response to fluid flow [154, 155].

An example of specialised endothelium forming a fundamental biologi-
cal barrier in human organism is the blood-brain barrier (BBB). It ensures
appropriate nutrient (glucose) and oxygen supply for neuronal physiological
activities, while protecting the brain from noxious elements circulating in
the bloodstream (e.g. macrophages, antibodies, and toxins) [125]. For this
purpose, TJs are preferentially expressed in brain microvessels and are the
main structure accounting for vascular impermeability [156, 157, 158|. Seal-
ing adjacent cells together, TJs prevent the paracellular transport to occur,
thus leaving the transcellular pathway as the only route for molecular passage
across the BBB. Since ECs receptors recognise a limited amount of molecules,
this makes the BBB a highly selective barrier and protect the central nervous
system from possible harm [159]. These features are also sustained by the
presence of astrocytes, a brain-specific non-neuronal cell population carrying
out several functions within the central nervous system. Among them, astro-
cytes establish physical interactions with the endothelium and biochemically
support it, inducing TJs formation during brain development [160)].
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2.3 Overcoming biological barriers: drug deliv-
ery strategies

As discussed in this chapter, biological barriers are fundamental elements for
the regulation of exchanges between living organisms and the surrounding
environment. On the other hand, although their permeability can vary de-
pending on their physical location, they represent one of the major obstacles
to the effectiveness of therapeutic strategies, due to their impermeability to
most drugs.

In order to overcome these limitations and favour drug transport to the
target site, targeted drug delivery systems (DDS) were developed to localise
the pharmacological activity. So far, the majority of approved DDS formu-
lations are based on the use of nanocarriers, preferentially liposomes and
lipid-based drug carriers [8]. In particular, soon after artificial vesicles ma-
nipulation started, it was demonstrated that liposomes are able to affect
molecules distribution and prolong their retention within living organisms
[161, 162, 163|, with important implications for anticancer therapies [164].
Hence, drug carriers technology has been subject of constant research and
development to optimise its efficiency. For instance, modulation of liposome
composition to increase bilayer rigidity, e.g. by the incorporation of choles-
terol [165] or sphingomyelin [166], has been proven to reduce drug leakage
[167]. Also the use of polymers to produce carriers, called polymersomes,
allowed control over membrane characteristics and thus led to improved car-
rier performance [168]. Moreover, carrier surface modification implies some
advantages. Indeed, it increases their specificity, e.g. by attaching antibod-
ies to the bilayer (immunoliposomes) [169], or ligands for receptors that are
preferentially expressed within the target. For instance, liposomes have been
functionalised with folic acid to direct them selectively against cancer cells,
overexpressing the folate receptor [170]. Surface modifications also allow to
stabilise liposomes within the body, slowing down their clearance and in-
creasing their circulation time, as in the case of coating with biocompatible
inert hydrophilic polymers, such as polyethylene glycol (PEG) [171, 172].

Furthermore, beyond being a well-suited model for mimicking phospho-
lipid bilayer features, GUVs have been recently employed for drug delivery
[173] (despite this promising aspect that is here acknowledged, throughout
this work GUVs will be intended as a model for reproducing the features of
phospholipid bilayers). Indeed, they allow the encapsulation of much larger
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aqueous volumes, even an order of magnitude greater than values reported for
other systems [174], and of bigger molecules. Therefore, recent studies have
proposed GUVs as suitable tools for drug delivery strategies [175]. Moreover,
these vesicular systems have been demonstrated to be an optimal precursor
of smaller liposomes. For instance, an extrusion technique was employed to
fragment GUVs and MLVs for drug carrier production, demonstrating that
GUVs-derived liposomes were mainly unilamellar and more uniform in size.
In addition, drug loading resulted maximised, by virtue of GUVs greater
encapsulated volume [176].

Other DDS were developed to favour the accumulation of drugs or drug-
carrier complexes at the target site. For instance, tissue characteristics were
exploited or manipulated to induce drug release from the carriers. Examples
of these strategies include passive drug accumulation through leaking vessels
(as in the case of cancer) [177, 178|, physical (pH- [179] or temperature-based
[180, 181]) or magnetic targeting [182].

Membrane-disruption techniques are another convenient approach. They
can be categorised as permeabilisation or direct penetration techniques, de-
pending whether drug passage occurs through the disruption of membrane
integrity or through a specific solid vehicle penetrating the membrane and
introducing its cargo, respectively [12]. Strategies to alter membrane in-
tegrity include both biochemical and physical approaches, such as the use of
detergents [183, 184] or membrane-active peptides [185, 186], as well as di-
rect injection [187], ballistic particles [188] or electric fields [189, 190]. GUVs
potential for these enhanced drug delivery strategies was demonstrated in
this case as well. Indeed, by virtue of their cell-size scale, they were re-
ported as effective means for the introduction of micrometre-sized objects
into mammalian cells, through electrofusion [191, 192].

Another important mechanical approach to increase membrane perme-
ability is based on the employment of acoustic waves, i.e. ultrasound (US),
as it will be discussed in the next chapter.






Chapter 3

Cavitation-mediated enhancement
of drug delivery efficiency

As discussed in the previous chapter, the presence of biological barriers im-
pairs the efficacy of drug delivery. Nevertheless, intravascular administration
is one of the most favourable routes for drug distribution to otherwise inacces-
sible target sites. Among the strategies to increase barrier permeability, the
employment of ultrasound (US) has been reported effective in inducing mem-
brane permeabilisation (sonoporation) maintaining cell viability [193, 194].
Moreover, the combination of US with gas microbubbles (MBs), usually used
as ultrasound contrast agents (UCAs) in imaging, further strengthens this
effect [195]. The physical phenomenon of cavitation underlies these events
and has been proposed as a safe and effective strategy for enhanced drug
delivery. This chapter will focus on the fundamentals of cavitation and the
relative physics, as well as on USMB-triggered biological effects and USMB
potential for enhanced drug delivery strategies.

3.1 Ultrasound employment in clinics

Since US technology is cheap, safe and non-invasive, it found wide application
as a theranostic modality in pre-clinical research as well as in the clinical field,
i.e. for diagnostics, anatomical and molecular imaging, and for therapeutic
purposes. Ultrasound with frequency ranging from 1 MHz to 20 MHz are
usually employed in clinics [196].

The main difference between diagnostic and therapeutic US applications

23
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lies in the amount of energy carried by the acoustic wave, through plane, fo-
cused or unfocused US. Plane waves have usually lower energy. On the other
hand, focused US are generated by spherically-curved transducers, which
direct mechanical waves to a restricted portion of tissue volume, the focal
point, where all the energy is concentrated. Hence, this kind of US is also
known as high intensity focused ultrasound (HIFU) [197, 198|.

Diagnostic US is not meant to cause any biological reaction. Hence, it
has low-energy and is usually provided in short pulses. Plane waves are most
often employed; however, focused US can be used as well, reducing beam
width to increase image resolution, yet still avoiding biologically active levels
of acoustic pressure and intensity [199, 200].

On the contrary, US therapeutic applications need to produce substantial
biological effects through energy transfer to tissues. Low-energy non-focused
US are typically employed for physical therapy (e.g. repair of fractures as
well as relief of inflammation, muscle spasms, and pain [201, 202, 203]), for
the insonation of large areas, and for sonophoresis, i.e. transdermal enhanced
drug delivery [204, 205]. HIFU technology accounts for greater energy de-
position; therefore, it is widely employed for direct ablation of lesions and
tumours [197, 206].

US-triggered biological effects can be divided into thermal and mechanical
(non-thermal) effects.

Thermal effects, i.e. temperature increase above physiological values,
results from US energy absorption by the biological matter, with the con-
sequent attenuation of US propagation. The amount of absorbed energy is
strongly dependent on the features of the tissue (expressed by the tissue ab-
sorption coefficient), on US frequency and intensity [207, 208]. US-induced
hyperthermia can be mild (T = 37 — 43°C) or high (T > 43°C). Mild hyper-
thermia, not implying irreversible tissue damage, is employed to favour drug
accumulation at the target site [209]. High hyperthermia causes irreversible
protein denaturation [210] and is mostly exploited to eradicate malignant
cells [206, 211].

The thermal index (TI) is a clinically employed indicator of US-induced
thermal effects. It describes temperature increases (in degree Celsius) in the
biological sample and is defined as [199]

w

TI = ,
Wdeg

(3.1)

where W is the acoustic power used at a certain depth of the target tissue
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and Wy, is the power needed to rise the temperature of that tissue by 1°C
in the same conditions [212], implying the reaching of a thermal steady-
state, where US-tissue interactions can be considered stationary [213]. This
parameter is used as a quantitative reference for US-induced temperature
increase in biological structures. In order to standardise medical procedures
and avoid harmful consequences on human organism, the Food and Drug
Administration (FDA) defined a value of TI < 1 as generally safe and set a
maximum safety value at TI = 6, which would bring tissue temperature up
to 43°C [207].

The main US-induced mechanical effect is cavitation (acoustic cavitation,
since it is provoked by US acoustic pressure), which will be described in the
next section.

3.2 The physics of cavitation

Cavitation consists in the sudden nucleation of small air cavities within a lig-
uid, occurring when the liquid pressure, py, falls below the saturated vapour
pressure, py. It is linked to the liquid tensile strength, AP, defined as the
value of pressure difference (tension), AP = py —py , at which liquid rupture
due to bubble formation occurs [13].

Traditionally, cavitation is classified as homogeneous and heterogeneous.
In the former case, vapour bubbles form in the liquid bulk. In the latter,
bubble formation takes places in correspondence with solid walls or impurities
suspended in the liquid.

Remarkably, the tensile strength of (ultra-)pure water, i.e. the negative
pressure that the liquid can withstand without nucleating bubbles, is ex-
tremely large, on the order of —120 MPa. Such extreme values were obtained
in controlled experiments with water microinclusion in quartz [214]. This
extraordinarily large tensile strength implies that cavitation in water most
often occurs via the heterogeneous mechanism. Indeed, any inhomogeneity
(different chemical species, dissolved particles, interfaces, impurities, contam-
inating agents, or pre-existing air microbubles) decreases the tensile strength
and favours the formation of cavitation nuclei at higher pressure [13]. In clin-
ical applications, the heterogeneity is most often due to the non-uniformity
of tissues with different composition and density.

Once the bubble is present in the liquid, the simplest model describing
its dynamics [215] considers a simple bubble endowed with constant surface
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tension within a bulk liquid. The model consists of the Rayleigh-Plesset
equation, .
ZM - RR+§RQ+4M_L§+E7
pL 2 p R pLR
which describes the time evolution of the bubble radius R(t). Here pg(t)
is the pressure of the gas inside the bubble, p; and pj are the liquid (con-
stant) density and dynamic viscosity, respectively, and o is the (constant)
liquid /gas surface tension. The bubble evolution is driven by the pressure
in the liquid which, in the case of US excitation, is an oscillatory function
of time p°(t) = pe + Pac(t), with p. the equilibrium pressure in the liquid
and p,. the time dependent acoustic pressure. Due to the fast oscillations,
the gas pressure inside the bubble changes according to the adiabatic law
pe = p%(V3/Vg)Y with v the polytropic exponent and p% the gas pressure
in the equilibrium bubble of radius Ry. The latter is related by the Young-
Laplace law to the equilibrium pressure in the liquid, p% = p. + 20/ Ry.
The Rayleigh-Plesset equation (3.2) comes from the Navier-Stokes equa-
tion describing the purely radial motion of the fluid driven by the bubble

(3.2)

oscillations,
ou, Ou,\  Op
PL ( o —|—urﬁ) =9 (3.3)
where, by mass conservation,
. R? 0 [ RR?
y=R—=——+ | — 3.4
“ 72 or < r ) (3-4)

and the viscous term vanishes altogether. Integration of Eqn. (3.3) with
respect to r between r = R and r = oo yields

PL (RR + gR2> = pr(R,t) = pr(o0), (3.5)

where pp(R,t) is the liquid pressure at the bubble surface. Using the force
balance across the bubble interface,

g
palt) = —tn + 2§° (3.6)

with ¢, = —pr(R,t) + 2pL0u,. (R, t)/0r being the normal stress in the liquid
at the bubble surface, in Eqn. (3.5) leads to the Rayleigh-Plesset equation
(3.2).
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In absence of acoustic forcing, a bubble slightly displaced from its equi-
librium radius, Ry, undergoes a system of damped oscillations which obey
the linearised form of Eqn. (3.2),

d’r 9 dr
a2 T T Y (3.7)
where r = R — Ry is the radial displacement,
1 /3y 209
= onfy = = —( 0 ) 3.8
“o = 2o RoV o \"¢ 7 39R, (38)

the resonance angular frequency and a = 4uy/(prR3) the damping coeffi-
cient. The solution is

"o + 2
ro + roor/ o a/2t

r(t) = roe”* cos(wt) +
w

sin(wt) (3.9)
where w = wpy/1 — @?/4w?, while ry and 7 are the initial displacement and
displacement velocity, respectively. The stationary response to an acoustic
pressure of the form p,. = a cos(wgt) is easily evaluated as

r(t) = —

= wgc; ey [(wg — wgc) coS(Waet) + AWqe sin(wact)} )

(3.10)
As follows from the above solution, upon US excitation, the amplitude of
bubble oscillation varies according to US amplitude and to the excitation
frequency. The maximum bubble response is obtained for US excited at the
bubble resonance frequency, w,. = wp. This linear response regime is called
stable cavitation and occurs at low acoustic pressures (US intensity in the
range of 0.3 — 3Wcm™2), Fig. 3.1A [208, 13]. When US intensity becomes
larger (greater than 3 Wcem™2), the linearised analysis does not apply any
more and inertial cavitation occurs (Fig. 3.1B), which requires the solution
of the full Rayleigh-Plesset equation. The destabilised bubbles oscillations
enter a non-linear regime, where bubbles shrink and re-expand, until they
may eventually reach a critical radius [217] at which a violent collapse may
take place [13]. Bubble collapse associated with inertial cavitation leads
to the formation of shock waves. Shock waves can be either spherical or
asymmetric, depending whether bubbles are isolated or in the vicinity of walls
(e.g. biological tissues) [218, 219| in which case strong liquid jet impinging
the walls may form.
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A. Stable cavitation B. Inertial cavitation
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Figure 3.1: Stable and inertial cavitation. Linear (A) and non-linear (B) bub-
ble responses to low and high oscillating acoustic pressure, resulting in stable and
inertial cavitation, respectively. In the non-linear regime, the duration and extent
of the expansion half cycle is greater than the compression half cycle, eventually
resulting in bubble break-up. Modified from [216].

Of interest for the microfluidic platform presented in this PhD project is
the evaluation of bubble behaviour upon exposure to US near rigid walls (i.e.
the endothelial monolayer lining the PDMS microchannel). A modified form
of the Rayleigh-Plesset equation (3.2) was proposed by Doinikov et. al [220],
taking into account bubble vicinity to a solid wall with finite thickness. In the
regime of stable cavitation, the linearised solution of this equation applies,
and the bubble damped oscillations can be described as follows:

P,.(t)
p1RoC’

where 7 = R — Ry is the radial displacement, P,.(¢) is the driving acoustic
pressure and ( is a parameter accounting for the presence of the solid wall.
o, and w,, are, respectively, the damping coefficient and the resonance fre-
quency of the bubble and account for its proximity to a wall. They describe
bubble response to the driving acoustic pressure and depend on the distance
from the wall (see [220] for details). Hence, bubble behaviour in terms of os-
cillation amplitude, 7,,, will be different. In particular, r,, variation depends
on the excitation frequency with respect to the bubble natural resonance fre-
quency in an unbounded fluid, wy. If the acoustic field frequency is greater
than the bubble resonance frequency (w,. > wyp), 7, decreases as the bub-
ble approaches the wall. On the contrary, if the bubble is driven above its
resonance frequency (wy. < wo), ry, increases [220].

(3.11)

Pt +wir = —
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Stable cavitation affects the surrounding fluid through acoustic microstream-
ing and Bjerknes forces. Acoustic microstreaming consists in a steady mean
flow around the bubble, due to the vorticity created by the oscillations of its
boundary layer [221].

Bjerknes forces are translational forces induced on the bubbles by the
pressure field. They result in bubble displacement along the pressure gradient
(primary Bjerknes forces) [222] or in variations in the distance between two
adjacent oscillating bubbles, with consequent mutual attraction or repulsion
(secondary Bjerknes forces) [223]. Of relevance for the experiments reported
in this thesis are the primary Bjerknes forces, which are due to the acoustic
pressure on the bubble boundary Sg(t). The instantaneous pressure force is

Fy(t) = _/S © pr(R,)EdS = — Vpr(x,0)dV ~ —=Vg(t)Vpr(xp, 1),

Ve (1)

(3.12)
where T is the radial unit vector, and the last step follows by assuming that
the bubble is much smaller than the spatial scale of the pressure field, given
by the US wave length. After averaging over a period, the average force is
F, = —Vg(t)Vpr(xp,t) ~ —4rR2r(t)VpL(xp,t). A pressure wave of the
form pa. = ag cos[w,(t —&-x/c)| travelling in the direction of the unit vector
é at the speed of sound ¢ would then generate the average force

TGC O .
F, = —é&irR; ;fc /0 r(t)ap sin {wac (t _ 8 CXB)] dt (3.13)

where xp is the position of the bubble centre. Analogously, a standing wave
of the form p,. = agcos(wuct) cos(w,.€ - x/c) would give rise to the force
component

e F,= 4%R3a3% Sin(wec€ - xp/c) cos(wec€ - xp/c)
c

2 2 Tac
wh — w 1 9
; 02 - R / oS (Wect)” dt = (3.14)
(WO - wac) + awg, tac Jo
2 2
w Wi — w ) Wae
mRgag—— — 0_—oc sin (2£e-xB> :
¢ (WO - wgc) + azwgc ¢

The average force is quadratic in the pressure amplitude (i.e. proportional to
the US intensity), and directly proportional to the area of the bubble interface
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(i.e. quadratic in the bubble radius). It is directed toward the nodes of the
standing wave if w,. < wp and towards the anti-nodes if w,. > wy. The
bubble equation of motion

mTVB = —§VB + Fp(t) s (315)

where mq is the total mass associated with the bubble (bubble mass plus
added mass), vg = Xp the bubble velocity, and £ = Smpuy, R the Stokes drag
coefficient, with g = 6,4 for no-slip and free-slip boundary condition at the
bubble surface, respectively, provides the average velocity,

2 2

Fp R()CL(Q) Wae Wy —w . ( Wae
— = 2 sin (2—é&-x ) , 3.16
£ B ¢ (W -w)’ + oWl ¢ 7 (310

B X~

where the bubble mass is assumed negligible. This shows that, in a standing
pressure wave, the bubbles will accumulate at nodes if for w,. < wg, while
for wee. > wp they will be attracted to the anti-nodes.

Despite cavitation has been prevalently characterised in fluids, it also
occurs in solids or in liquid phases included within solids, such as in soft
materials like biological tissues, which most often present a visco-elastic be-
haviour [224].

Biological structures are subject to the mechanical stress exerted by the
acoustic pressure and the oscillating bubbles. When it comes to US clinical
applications, cavitation occurrence needs to be carefully evaluated in order
to avoid damages to the involved tissues. Therefore, analogously to the TI
described in § 3.1, the mechanical index (MI) was defined as an indicator
of US-triggered cavitation. This parameter is given by the ratio of US peak
negative pressure, PN P, to the square root of the centre frequency of the
field, F., both normalised, respectively, to pressure and frequency reference
values, as follows [225]:

__ PNP
v

As for the TT, a higher MI is associated with a progressive increase in the
risks for patients. According to the FDA clinical standards, values of MI < 1
are considered safe, while the upper safety limit is set at MI = 1.9, above
which US-induced cavitation would take place, causing tissue damage [226].
Moreover, in clinical applications US can be combined with the concomitant
administration of exogenous particles, as in the case of UCAs. This causes

MI

(3.17)
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a decrease in the cavitation threshold, i.e. the value of pressure triggering
cavitation phenomena. As a consequence, the standard safety limits for the
MI needs to be stricter. The upper safety limit has been thus set at MI =
0.7 by the British Medical Ultrasound Society 225, 198|.

3.3 Microbubbles as ultrasound contrast agents

The effects of heterogeneous cavitation on biological tissues upon exposure
to US can be strengthened in presence of microbubbles (MBs), mainly used
in clinics as UCAs in imaging or for therapeutic applications. They sense
and respond to the acoustic field through oscillation cycles, which, in turn,
can further trigger cavitation (USMB-mediated cavitation).

3.3.1 Microbubbles: composition and properties

Clinically employed MBs are micrometre-sized bubbles (diameter range: 1 —
10 pm) consisting in a gaseous core enclosed in a stabilising external shell
[227]. The gaseous core can be composed of air [228], nitrogen [229]| or
heavy inert gases with low solubility in water, such as perfluorocarbon (e.g.
perfluorobutane, C4Fi4) [230], octafluoropropane (C3Fs) [231], or sulphur
hexafluoride (SFg) [232]. The external shell is made of phospholipids [233],
polymers [234], galactose [235] or albumin [236]. Their composition strongly
influences their mechanical features and interaction with US.

The employment of MBs in clinics stems from their capability to en-
hance contrast in diagnostic imaging by ultrasound. Indeed, in 1968, small
echogenic gas pockets, formed upon saline injection and US exposure, were
found to significantly increase image brightness above the background of
blood or tissue, producing diagnostic information about blood-filled regions
otherwise appearing empty [237]. Since then, MBs of different kinds were
developed and approved as UCAs; some examples are reported in Table 3.1.

MBs diameter matches erythrocytes size, so they are administered through
intravenous injection and circulate through the body, interacting with US in
the districts of interest [238]. In order to fulfil this function, they need to
persist in the bloodstream and reach peripheral circulation without being
prematurely discarded from the organism [216|. Hence, MBs need to be op-
timised in terms of composition and surface tension, so as to ensure their
stability within the bloodstream.
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Table 3.1: Clinically approved MBs. Examples of some MBs approved for
clinical application as UCAs. Adapted from [199].

Name Stabilising shell Gaseous core Company
Echovist Galactose Air Schering AG
Albunex Albumin Air Mallinckrodt
Levovist Galactose Air Schering AG
SonoVue Lipids Sulphur hexafluoride Bracco Diagnostics
Definity Lipids Octafluoropropane ImaRx Pharm.

Imagent US Surfactants Perflexane Alliance Pharm.

The gas contained inside MBs is typically a mixture of high-molecular-
weight gas, G, and air content, A, with respective concentrations C¢z and
C'4 (numbers of moles per unit volume). In the range of temperature and
density inside MBs, both gases behave according to the ideal gas law. Hence,
MBs internal pressure, p;, is

pi = (Ca+Cq)RT, (3.18)

where R is the gas constant (expressed in Jmol™') and T the absolute tem-
perature. When injected into the bloodstream, MBs are subject to an exter-
nal pressure p. determined by the sum of the atmospheric pressure, ps, (101
kPa), and the so-called systemic blood pressure, p,. Combining Eqns. (3.18)
with the Youg-Laplace law, one finds

20
(Co+CART = 2 +pp+ Pasm- (3.19)

Given the small MBs diameter, the pressure difference across the interface
is quite substantial and may lead the gas to diffuse across the interface and
dissolve in the external aqueous environment. MBs persistence time (7)) in
the bloodstream thus depends on the gas diffusion, according to the following
expression [216]:
pa R?
2DCy’

T, = (3.20)
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where pg is the gas density, D the gas diffusion coefficient, and C; is the sat-
uration coefficient of gas exchanges between the gaseous and aqueous phases,
which is higher for more soluble gases. Equation (3.20) is obtained from the
gas equation of state, from which pg = %, where R is the gas specific
constant and pg = p. + %’. Hence, T, is also implicitly dependent on the
gas pressure and on the surface tension ¢ of the water/gas interface. Given
the solubility of nitrogen, the large surface tension of the water/air interface
and the small MBs radius size, a simple air bubble would dissolve in a very
short time. Hence, in order to increase MBs lifespan, the gas G' contained in
the bubble is selected to have a large molecular weight and a low solubility
in water (i.e. in the bloodstream) [216].

The nature of the coating has a big influence on the MBs perfomances.
The external shell composition controls their coalescence and, by reducing
the surface tension, decreases the pressure difference across the interface
for given bubble size. Moreover, it affects the echogenicity by influencing
the natural oscillation frequency. Indeed, at constant external pressure, p.,
Eqn. (3.8) with p% = p. + 200/ Ry, as follows from the Young-Laplace law for
the equilibrium bubble, leads to

1 /3 3y—1 200)
wo = —+1 | = vpo + % 3.21
= %\ o (vp 3 R (3.:21)

which, since v > 1 entails dwy/dog > 0, implies that natural frequency
increases with the surface tension.

Considering its crucial role, shell solubility in water needs to be as low
as possible to prolong the shell lifespan, keeping MBs stable for a longer
time. In this light, phospholipids are preferred for their surfactant nature
(reducing o) and lower solubility. Last generations of functionalised MBs are
made of an albumin shell, which is even more compatible with the vascu-
lar microenvironment, being albumin an important component of the blood

plasma [216, 239].

3.3.2 UCAs response to US

MBs shell coating modifies their response to US, making the basic analysis
based on the Rayleigh-Plesset equation insufficient. Analysing the dynamics
(see Table 3.1) through an ultrafast camera, Marmottant et al. [240] sug-
gested that US-induced MBs oscillations produce strong surface area varia-
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tions, generating molecular disequilibria at the interface. This implies that
MBs physical parameters, i.e. surface tension and elastic modulus, cannot be
considered as constant.Taking inspiration from low-frequency observations,
the effective MBs surface tension could be described through three different
ranges, depending on the MBs radius,

0 R S Rbuckling =V Abuckling/ﬂ-

2
U(R) = X (RRf - 1) Rbucklmg < R < Rbreak—up s (322)
buckling
O water after break — up

where x = 1/A¢do/dA), with Ay = 47 Rj being the area of the equilibrium
bubble interface. During compression, bubble area decreases until it falls
below a threshold (buckling area, Apyckiing - dependent on the number of
interfacial lipid molecules and on their head-group area [241]) at which o
vanishes. Above Apycriing, bubble shell responds elastically, with a constant
elastic compression modulus, x, and an effective surface tension o(R) which
is a quadratic function of the radius. During expansion, this elasticity is
maintained up to a critical radius Rpreqk—up, corresponding to the break-up
tension Opreqk—up, at which the bubble shell ruptures. After rupture, MBs
behave as shell-free gaseous bubbles with the surface tension of water, o qter-
The modified evolution equation for the MB radius than takes the form of
an extended Rayleigh-Plesset equation [240]:

pL (RJ'% + 2R2> = [pe + %1:0)} (%)3V (1 - 3%3> — Pe — Pac(t) —
20(R) 4uR B 4k R
R R R?

Beside the dependency of the surface tension on the bubble radius, Eqn. (3.22),
two additional effects are included in the above equation. Firstly, the dis-
sipation due to the surface dilatational viscosity of the shell, kg, is added.
Secondly, by accounting for the compressibility of the liquid, the energy loss
due to radiation of acoustic waves is also considered in the term inversely
proportional to the sound speed c.

Linearising Eqn. (3.23), the angular resonance frequency of the aug-
mented Rayleight-Plesset equation (3.23) follows as

1 [ 37—1202ff)
wo=— 1| — [y + ———217 3.24
"= 2\ oy (vp 5 R, (3.24)

(3.23)
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where, taking Eqn. (3.22) into account,

3X 2R0
3y—1R

2
buckling

with 0(Ro) = X (R§/Rpycriing — 1), is the effective shell surface tension as-
sociated with Eqn. (3.22) for small oscillation around the equilibrium radius
Ro (Rouckiing < Ro < Rpreak—up) and, as obvious, the additional dissipative
effects associated with wave radiation and shell dilatational viscosity only
affect the damping rate a.

3.4 Cavitation-mediated biological effects

3.4.1 Cayvitation bioeffects on the plasma membrane

USMB-induced cavitation alters cell membrane integrity, through sonopora-
tion, which consists in the formation of small pores, as it was observed for
the first time in 1999 by electron microscopy [242, 16]. At low US intensity,
stable cavitation exerts a mechanical stress on the phospholipid bilayer and
tears lipids apart [243|. This brings to the formation of pores with size rang-
ing from few to hundreds of nanometres [244, 245]. These phenomena are
intensified at higher acoustic pressures, resulting in the formation of a greater
number of pores with bigger size (in the order of hundreds of nanometre up
to micrometre), also due to the contribution of shock waves and jet streaming
provoked by MBs collapse, further puncturing the membrane [245, 246, 247].
Furthermore, considerable membrane invaginations have been observed in
addition to these events, and it is nowadays widely accepted that cavitation
can also trigger cell endocytic pathways [248].

Furthermore, it has been demonstrated that USMB-induced membrane
pores are transient and reversible, as they eventually reseal, albeit with dif-
ferent time scales [15]. Reversion of stable cavitation bioeffects is quicker,
with a time range in the order of milliseconds to seconds after turning US off
[249]. On the other hand, pores generated by inertial cavitation usually re-
seal within seconds after US exposure [244|. Pore opening and the reversion
of cavitation bioeffects is shown in Fig. 3.2A.

Cavitation-mediated mechanical effects on cell membranes have been also
described with a physical model proposed by Kimmel’s group, integrating
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Figure 3.2: Bioeffects of USMB-mediated cavitation on the cell mem-
brane. A. Confocal fluorescence time-lapse of pore opening and recovering on
a fibroblast upon USMB-mediated cavitation. (i) Whole cell image prior to in-
sonation (a single microbubble is showed through overlaid gray-scale contrast); (ii)
Whole cell image after exposure to US; (iii) Time-lapse images (16.39 fps) acquired
on a 15 x 15 ym? frame centred on the region of interaction between the microbub-
ble and the PM. B. Schematic sketch of the bilayer sonophore during the separation
phase of its leaflets due to negative acoustic pressure. C. Different steps of the bi-
layer sonophore response to oscillating acoustic pressure. Initially, the membrane
is unperturbed (reference stage, Sg). US activation triggers the oscillation of mem-
brane leaflets, which increases the mechanical tension exerted on the phospholipids
and on the mechanosensitive proteins (brown) inserted within the membrane (Sy).
This eventually brings to the rupture of the phospholipid bilayer (S3) and to pore
formation (S3). Images adapted from [15] (A) and [250] (B and C).

molecular forces, bubble dynamics and gas diffusion in and around the phos-
pholipid bilayer [250]. According to this model, the phospholipid bilayer is a
"sonophore", able to transform acoustic waves into intracellular deformations
(in the order of nanometres or micrometres). The US-generated oscillating
acoustic pressure is the driving force applied at the hydrophilic sides of the
bilayer. Positive pressure peaks compress the lipid bilayer, whereas negative
pressure pulls its leaflets apart, overcoming intermolecular attraction, viscous
forces, the tension arising in a curved leaflet, and the inertial forces of the
surrounding water. This dynamics can be modelled as the movement of one
leaflet with respect to the other, considered fixed, as sketched in Fig. 3.2B.
Such a cyclic oscillatory movement involves the fast approach of the mov-
ing leaflet towards the other at positive pressures, favouring the diffusion
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of air molecules (dissolved in the surrounding water) within the membrane,
so that they dissolve into its hydrophobic phase. Therefore, bilayer inter-
nal air pressure varies too, oscillating according to the acoustic field. These
motion accounts for compression shock waves, large areal strain and high
leaflet tension, determining membrane rupture and pore opening, as shown
in Fig. 3.2C. In this context, oscillating MBs in the US field act as local
amplifiers of the pressure peaks, intensifying the described phenomena [250].

3.4.2 Cayvitation bioeffects on endothelial permeability

USMB-mediated cavitation effects within the cardiocirculatory system in-
volve both blood vessel structure and the endothelial barrier. It has been
shown that MBs oscillation exerts a mechanical effect on the neighbouring
blood vessels wall, inducing invaginations and distensions within a millisec-
ond time scale. Moreover, proximity to the endothelial wall can affect MBs
behaviour; for instance, MBs motion is limited by microvessels size, resulting
in an increased oscillation lifetime [251, 252].

With regard to the endothelial barrier, beyond sonoporation, exposure to
US in presence of MBs leads to endothelial sonopermeabilisation, consisting
in the opening of pores between adjacent ECs. Both direct MBs oscillation
and the mechanical action exerted by microstreaming (stable cavitation) and
liquid jets (inertial cavitation) account for this phenomenon, as shown in
Fig. 3.3 [18, 252, 253|.

It has been demonstrated on 2D in wvitro cell cultures that endothelial
exposure to USMB has both intracellular and intercellular effects, without
impairing cell viability. At the single-cell level, USMB-mediated cavitation
impacts ROS (Reactive Oxygen Species) homeostasis and results in the rise of
the intracellular amount of Ca*, which enters the cell through the membrane
pores [17]. In endothelial cells, increased levels of intracellular Ca’" have
been associated with cell hyperpolarisation rather than depolarisation [254].
This phenomenon is localised in areas of the membrane in contact with MBs.
The underlying mechanism has been shown to involve the Ca?T-dependent
potassium (BKc,) channels, the main large-conductance outwardly rectify-
ing K* channels [255]. They are activated by Ca?" ions entering the cell
through membrane pores and determine a KT efflux that overcompensates
Ca?T influx and locally hyperpolarises the membrane [256]. In general, cell
sonoporation affects ion movement across the PM and has been associated
with the consequent variation of the transmembrane current (TMC) [257].
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Figure 3.3: USMB-mediated mechanisms leading to endothelial perme-
abilisation. Mechanisms underlying endothelial permeabilisation upon stable and
inertial cavitation. The integrity of the endothelial barrier is altered by the direct
action of MBs oscillation. The mechanical stress exerted by microstreaming as well
as by shock waves and liquid jets triggered by the stable and inertial cavitation
regimes, respectively, further induce the opening of interendothelial gaps. Image
from [18].

This implies the involvement of Na®™, Kt and Cl~, which are the main con-
tributors to establish TMC levels [258]; however, the exact extent of their
passage across the pores formed upon exposure to USMB cannot be exactly
estimated due to their non-selectivity [257]. In general, USMB-mediated
cavitation phenomena determine an increase in cell permeability to small
molecules. For instance, the uptake of propidium iodide (PI) has been re-
ported to occur in ECs while membrane pores are opened and to stop after
they reseal [259]. Cell exposure to US in presence of MBs has also been asso-
ciated with increased permeability to dextran or other probes [260], hormones
[261], proteins [262], and plasmids [263].

Moreover, the mechanical stress exerted by cavitation-related phenomena
triggers cytoskeletal rearrangements and a remarkable increase in F-actin
stress fibres, as shown in Fig. 3.4A. This also affects the endothelium tissue
as a whole, altering interendothelial junction complexes. In particular, VE-
cadherin molecules loose their contacts, resulting in intercellular gaps open-
ing and tissue permeabilisation, as in Fig. 3.4B. However, this phenomenon
was demonstrated to revert completely within 30 minutes from insonation,
with the restoration of intercellular contacts, thus highlighting the safety of
USMB-mediated cavitation for clinical applications [17].
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Kimmel’s mechanical model describes these events considering the mem-
brane not as a free surface, but constrained by other cellular components. In
this context, US-induced periodic displacements of the bilayer leaflets exert
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Figure 3.4: Bioeffects of cavitation on the endothelium. Dark-field images
of 2D HUVECs cultures stained for F-actin (red) or S-catenin (green). Nuclei
are stained with DAPT (blue). A. USMB-mediated cavitation induces cytoskeletal
rearrangements and increases F-actin stress fibres in ECs. Comparison between
HUVECS (i) in control conditions (untreated cells) and (ii) upon exposure to US
and MBs. (iii) Bars showing F-actin stress fibres (mean number) per pm cell width.
US alone determines a slight increase in F-actin stress fibres (light grey bar) com-
pared to control. US exposure in presence of MBs significantly strengthens this
effect (dark grey bar). In both cases, F-actin stress fibres number reverted to con-
trol condition 30 minutes after insonation (checked bars). B. Cavitation-induced
opening of intercellular gaps in HUVECs stained for S-catenin. Comparison be-
tween HUVECs (i) in control conditions and (ii) upon exposure to US and MBs
(gaps are pointed out with white arrows). (iii) Mean number of intercellular gaps
per cell. US alone condition (light grey bar) was comparable to control, whereas
US and MBs determined a significant increase in the number of intercellular gaps
(dark grey bar). This phenomenon resulted completely reversed after 30 minutes,
when the number of intercellular gaps returned to control levels (checked bars).
Images adapted from [17].
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mechanical forces (pushing and stretching) on the nearby subcellular struc-
tures, i.e. the cytoskeleton. This limits membrane motion and attenuates
the maximal areal strain to which it is subject. Beyond having an effect on
the lipid bilayer itself, the tension transferred to the cytoskeletal structure
is propagated to intercellular junctions, impairing their integrity with the
consequent formation of the intercellular gaps that further enhance tissue
permeability [250].

3.4.3 USMB-mediated drug delivery

Cavitation-based drug delivery strategies consist in the systemic drug-MBs
co-administration with the simultaneous application of US at the target site.
This allows to localise cavitation bioeffects and maximise drug passage, as
depicted in Fig. 3.5A [264].

Different strategies exist for the co-administration of drugs and MBs. For
instance, they can be either injected as a single solution or administered as
two separate pharmaceutical preparations [266]. In the second case, admin-
istration timing can be adjusted in order to reach drug plasma peak level
before MBs injection [267]. This approach allows to administer different
combinations of drugs and MBs.

Another strategy focuses on drugs and MBs conjugation to co-localise
them at the target site, using MBs both as cavitation nuclei and drug carriers.
This approach is particularly useful when pharmaceutical agents are toxic or
unstable in the bloodstream, as they can be loaded into the MBs, as in
Fig. 3.5B.1, and released only where cavitation is induced by US application
[268, 269]. However, since MBs show low drug encapsulation capability, drugs
can be also embedded within the bubble surface (Fig. 3.5B.ii) or attached to
it (Fig. 3.5B.iii), e.g. through chemical conjugation or electrostatic binding
(Fig. 3.5B.iv) [270, 271]. Alternatively, they can be conjugated with other
carriers (e.g. nanoparticles or liposomes) with controlled-release mechanisms
and co-administered with MBs (272, 273].

Furthermore, cavitation-mediated drug delivery can be further strength-
ened by designing MBs capable to target the therapeutic site. In this ap-
proach, MBs surface is functionalised with specific ligands for molecules that
are preferentially expressed by cells at the target site, favouring MBs accu-
mulation (Fig. 3.5B) [274, 265|.

Cavitation-mediated drug delivery has been proven efficient for plasmid
and gene delivery applications, allowing to overcome the limitations due to
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Figure 3.5: Cavitation-mediated drug delivery. (A.) Drugs can be physically
combined with MBs or co-injected with them. US exposure is localised to the
site of interest, where MBs oscillate upon the acoustic pressure. USMB-mediated
bioeffects result in vessel wall deformations and in the permeabilisation of the en-
dothelial barrier. (B.) Examples of different strategies for combining MBs and
drugs. (i) Drugs can be encapsulated into MBs gaseous core; (ii) The pharmaceu-
tical agent can be embedded within the bubble shell; (iii) Drugs can be attached
to the bubble surface; (iv) The therapeutic agent can be bound non-covalently to
the bubble surface. Adapted from [264| (A) and [265] (B).

the unstable nature of genetic material [266, 275, 276]. Moreover, it has al-
ready been successfully employed for cardiovascular drug delivery [277] to
treat several conditions, such as atherosclerosis [278], diabetic cardiomy-
opathy [279] and even myocardial infarction [280]. It has also found wide
application in cancer therapy [281].






Chapter 4

Microfluidics and biomedical
applications

Given the complexity of biological structures, traditional in vitro cell cultures
are not always suited to faithfully reproduce their features, especially from
a mechanical viewpoint. This has driven biomedical research towards an
interdisciplinary approach, involving knowledge, methods and technologies
from other scientific fields. In particular, progress in microfluidics has signif-
icantly contributed to the development of highly versatile systems, able to
recapitulate tissue and organ complexity in terms of biological and structural
organisation. These microfluidic platforms are valid tools for the reproduc-
tion of biological barrier models, employed for several biomedical and clinical
applications, as it will be discussed throughout this chapter.

4.1 Microfluidic development and features for
biomedical research

Microfluidics is a branch of fluid mechanics. It is the science and engineer-
ing of manipulating small amounts of fluids (order of magnitude from 10~°
to 10718 litres) within micrometre-sized devices, consisting in networks of
microchannels of tens to hundreds of micrometres. Its origin dates back in
the last decades of the XX century, when a boost towards miniaturisation
accounted for significant progresses in electronics [23]. Successful fabrication
methods (i.e. photolithography [282]) and the employment of suitable mate-
rials led to the development of Micro Electro-Mechanical Systems (MEMS)

43
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and Micro Total Analysis Systems (4TAS), i.e. miniaturised devices where
multi-step processes can be carried out in an integrated and automated way,
with enhanced analytical performances [283|. The possibility to perform sam-
pling, sample transport and separation, chemical reactions, as well as detec-
tion and analysis within a single chip has initially favoured the employment
of these devices for chemical analyses, with the development of miniaturised
systems for air and liquid chromatography [283, 284, 285]. The combination
of TAS with microfluidic technologies and tools to control fluid dynamics
(e.g. pumps, sensors and microvalves) led to the Lab-on-Chip (LoC) technol-
ogy. It consists in the miniaturised version of macroscale multi-step processes,
integrated within single devices where events occur in controlled conditions
and in an automated fashion. Moreover, miniaturisation supports a series of
new functions that cannot be performed on greater scales [286, 287].
Initially, devices were mostly made of glass or silicon and their fabri-
cation consisted in expensive, complex and multi-step processes requiring
highly-specialised expertise, i.e. photolithography. Two elements strongly
contributed to the employment of these systems on a greater scale. Firstly,
in the middle of the 1990s, progress in microfabrication technology led to
the development of soft lithography [288], an easier and low-cost alternative
to photolitography. It allowed non-technician personnel to carry out micro-
fabrication processes and significantly lowered the economical impact of this
technology, making it accessible for a wider range of applications, including
biomedical research. Secondly, advances in polymer science and engineering
brought to the introduction of poly(dimethylsiloxane) (PDMS) [289, 290], an
economic, easy to handle and non-toxic elastomer, totally compatible with
molecules (e.g. proteins or DNA [291, 292]), cells and tissues [293, 294, 295|.

Advancement in microfabrication: soft lithography and PDMS

As discussed, traditional lithography was initially employed in microelectron-
ics and in the fabrication of semiconductor devices [296]. It consists in the
transfer of a complex pattern (geometry) from a photomask to a chemical
photoresist coated on a silicon or glass substrate (wafer), through exposure
to light. The photoresist is a photosensitive material, which either degrades
(positive photoresist) or polymerises (negative photoresist) upon exposure
to light. The photomask is thus needed to selectively expose some parts of
the photoresist to light in order to obtain, after dissolution of unpolymerised
photoresist, the patterning of the geometry of interest. This process allows
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to obtain the master mould, or stamp, which can be used to produce multiple
devices.

With a conceptually similar approach, soft lithography aims at gener-
ating these patterned structures through rapid prototyping and in a high-
throughput way [297]. Tts key feature lies in printing, moulding and em-
bossing with elastomeric (i.e. mechanically soft) materials to reproduce the
geometry of the master mould. This implies important advantages, including
a drastic reduction of time and costs of production, the increase in technique
versatility and flexibility, as well as its accessibility to a wider range of users.
Moreover, soft materials can be functionalised to improve their compatibility
with biological molecules. Soft lithography also allows a higher pattern-
ing resolution (down to ~ 30nm) than contact printing photolithography
(limited to 100 nm by optical diffraction), and more complex micropatterns,
including curved and 3D structures [298, 299|. Recently, however, some other
photolithographic approaches have significantly reduced the resolution limit.
For example, projection printing photolithography has allowed to push res-
olution below the limit of 100 nm [300, 301], while photolithography based
on surface plasmon polaritons can ensure a half-pitch resolution as low as
14.6 nm, with the concrete possibility to reach the 10-nm limit [302, 303].

Most microfluidic devices for biological applications are made of PDMS,
a silicon rubber composed of an inorganic siloxane backbone, with organic
methyl groups attached to silicon. Being characterised by very low glass
transition temperatures, PDMS elastomers are fluid at room temperature
(RT) and become solid by cross-linking, which is induced by the addition
of a curing agent and makes this material suitable for casting and for the
realisation of different micropatterns. Moreover, PDMS is well-suited for
cell culture purposes. Indeed, it is a moderately stiff elastomer (Young’s
modulus = 1 MPa), chemically inert and biocompatible [298]. It is also
impermeable to water, yet permeable to gases, thus ensuring a sufficient O,
and CO, supply to cells. Being optically transparent to ~ 300 nm, it is fitted
to be combined with microscopy techniques. Finally, despite being inherently
highly hydrophobic (advancing contact angle of water, 672¢ ~ 110°), it can
undergo hydrophilic treatments to change its surface chemistry in terms of
polarity and interfacial free energy [297, 304].

Among the soft lithographic techniques, replica moulding (REM) is widely
used [305, 306] and basically composed of three steps. Initially, a master
mould is generated; this step still relies on the employment of photolithog-
raphy. Then, an elastomeric prepolymer, typically PDMS, is poured onto
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the mould, cured and peeled off, so that its surface results patterned with
the relief nanostructures of the original master. Finally, this pattern is re-
replicated using other soft materials, including PDMS itself. This process
allows the rapid and faithful reproduction of multiple copies (> 50) of the
geometry of interest [298], with very high resolution [307] and the possibility
to replicate non-planar surfaces [308].

These advancements paved the way to LoC employment in biology and
biomedical research, providing valuable supports for cell and tissue engi-
neering, pharmacology and drug delivery, clinical diagnostics and proteomics
[309]. This was also made possible by some advantages offered by microflu-
idic systems. First of all, device geometry can be easily customised through
soft lithography, providing high versatility for the reproduction of different
microenvironment. The possibility to regulate fluid injection and its tim-
ing further increases the control over the experimental conditions, including
chemical and physical microenvironment (i.e. biochemical gradients and me-
chanical cues) [310], as well as cell density and their 2D or 3D spatial organ-
isation [311, 312]. Moreover, fluid flow can be modelled and finely controlled
in terms of velocity patterns and shear stress [313, 314].

In addition to its biocompatibility, PDMS is also optically transparent,
low-autofluorescent and stable, making microfluidic platforms extremely well-
suited for direct optical visualisation [290]. Indeed, several microscopy meth-
ods, including confocal fluorescent microscopy, real-time imaging, and time-
lapse recording can be performed, guaranteeing the possibility to follow in
real time biological processes inside the devices [24]. Beyond PDMS, other
materials can be used to fabricate microfluidic devices, including polymethyl-
methacrylate (PMMA), polycarbonate (PC), polyimide (PI), polystyrene
(PS) and the family of cyclic olefin polymers [315, 316, 317, 318].

Furthermore, the micrometric size allows the use of small amount of usu-
ally expensive fluids and reagents, such as culture medium, molecules, drugs,
thus contributing to microfluidics cost-effectiveness [24|. Finally, parallelisa-
tion and automation are two other advantages of these systems. Indeed, the
possibility to have multiple independent compartments on a single platform
allows to carry out parallel assays, even in a high throughput and auto-
mated way, significantly improving the standardisation of the experiments
and, hence, their reproducibility [319, 320].

In this context, a new category of "bioinspired" and cell-based devices
was developed, allowing to produce biological barriers complex models for in
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vitro studies, including the endothelial barrier. Moreover, the employment
of droplet microfluidics [321], consisting in the manipulation of immiscible
fluids within a device with specific geometrical patterns, allowed the pro-
duction of nano- and micro-particles with tunable characteristics in terms of
composition, shape, and size. For this reason, it has been recently applied
for the formation of vesicular systems, including GUVs and drug delivery
carriers [322].

4.2 Cell-based microfluidic platforms

Within microfluidic platforms, the adjustable combination of micropillars,
microchannels and microchambers provides different geometries and levels of
structural complexity, with high biological relevance. Indeed, both 2D and
3D cell culture models can be obtained, mimicking the physiological organisa-
tion of tissues and organs. Either homotypic or heterotypic cell monolayers,
also grown in separated compartments, or cell cultures organised upon the
three dimensions can be realised, possibly with the aid of porous membranes,
scaffolds or matrices as well [24, 312, 323]. Such a structural complexity also
involves cell microenvironment, crucial for cell differentiation and physiology.
These devices allow to spatially and temporally control culture conditions in
terms of chemical [324, 325], physical and mechanical stimuli [326, 327], as
well as temperature [328] and gas control [329], nutrient supply and waste
removal [330, 331|. In this respect, they offer greater advantages compared
to 2D traditional culture systems, such as flask or Transwell, which, lacking
the fine tuning of these aspects, do not ensure a faithful reproduction of the
biological conditions [24, 332]. These features, integrated with microscopy
techniques, can provide important information about culture conditions as
well as about cell behaviour and responses, even at the single-cell level and
with a high temporal resolution (< 1 s) [24, 330|. For instance, phenomena
like cell growth and death [333, 334, differentiation [335], and cell migration
[324] have been investigated in microfluidic devices.

Exploiting such versatility, several cell culture and tissue models have
been implemented within these platforms, with increasing levels of complex-
ity. For instance, key features of the tumour microenvironment (TME) were
reproduced in microfluidic devices 336, 337|. These TME-on-chip models
allowed not only to characterise its role in cancer progression, but also to
test the efficacy of innovative therapeutic strategies, such as immunotherapy
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[338].

The progressive increase in biological similarity has eventually led to the
so-called Organs-on-Chip (OoC) technology, i.e. microfluidic platforms where
physiological functions of tissues and organs can be recapitulated as well as
their 3D structural organisation and microenvironment. Reproducing organ
morpho-functional units within micrometre-sized devices, this technology of-
fers valuable experimental models to mimic both physiological and patholog-
ical conditions [309, 339].

Microfluidic platforms also represent valuable alternatives to animal mod-
els, which lack in similarity to human metabolism and are often limited in
their employment also due to management and ethical issues [340)].

4.2.1 Vasculature-on-chip models and drug delivery

In this scenario, microfluidics allowed the realisation of several in vitro models
of endothelial barrier and microvasculature, reproducing either single chan-
nels or more complex networks. They consist in PDMS microfluidic platforms
or other substrates (e.g. biologically derived hydrogel), combined with differ-
ent kinds of approaches, including the pre-defined patterning of geometries
(also using subtractive scaffolding) and self-assembly from ECs sprouting
[25].

The first attempts to implement the vascular endothelium in microfluidic
platforms focused on capillary bed models where ECs were cultured alone.
For example, in Shin et al. [341] soft lithography was used to realise a PDMS
channel network, where an endothelial cell line was cultured up to 14 days
to form a capillary bed, as depicted in Fig. 4.1A. The system was perfused
with culture medium and a compact monolayer of ECs lined the walls of the
microchannels, expressing typical endothelial markers [341].

Inclusion of hydrogel matrices and pro-angiogenic gradients

Successive work aimed at reproducing more physiological conditions. Hydro-
gel matrices were included within microfluidic devices, and pro-angiogenic
factors gradients were established to favour endothelial maturation. For in-
stance, the PDMS microfluidic platform developed in Vickerman et al. [342],
reported in Fig. 4.1B(i), displayed a central "gel cage", where ECs/collagen
mixtures could be loaded. Two flanking microchannels provide spatial and
temporal control over fluid flow, guaranteeing the supply of nutrients as well
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as the establishment of biochemical and pressure gradients. Real-time mi-
croscopy allowed to assess ECs migration and hydrogel invasion, with the sub-
sequent maturation of complex and interconnected multi-cellular capillary-
like structures in the 3D matrix, as in Fig. 4.1B(ii). They were demon-
strated to be perfusable, through the injection of fluorescent microbeads,
Fig. 4.1B(iii) [342]. Analogous results were obtained using another microflu-
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Figure 4.1: Vasculature-on-chip models with ECs single cultures. A. (i)
Microfluidic channel network where human microvascular endothelial cells (HMEC-
1) were seeded and formed a confluent monolayer within 7 days. (ii) HMEC-1 were
stained for CD31 (green), a typical endothelial marker and key molecule for the
formation of a cell monolayer, confirming that cells uniformly lined the capillary
network. Adapted from [341]. B. (i) Sketch of the geometry of a microfluidic
device where a central "gel cage" was loaded with soft hydrogels for the 3D cul-
ture of human adult dermal microvascular endothelial cells (HMVEC-ad). Two
flanking microchannels provide culture medium supply. (ii) Microvascular sprout
with HMVEC-ad stained for actin cytoskeleton (orange) and nuclei (green). (iii)
Injected green fluorescent microbeads were shown to enter within the sprouted mi-
crovessels, confirming the formation of a perfusable lumen. Adapted from [342]. C.
(i) Geometry of a PDMS microfluidic device where two parallel cylindrical channels
are encased within a 3D collagen matrix and linked to fluid reservoirs. One mi-
crochannel is loaded with ECs and perfused with growth medium, while angiogenic-
factors-enriched medium is flowed in the other microchannel. (ii) Merged image
of a time-lapse acquisition of red fluorescent microspheres injected into the large
channel. They were tracked over time, confirming the formation of new perfusable
vessels. Adapted from [343].



50CHAPTER 4. MICROFLUIDICS AND BIOMEDICAL APPLICATIONS

idic platform [343|, with two parallel microchannels embedded in a collagen
matrix, as sketched in Fig. 4.1C(i). In one channel, ECs were cultured under
flow conditions; in the other channel pro-angiogenic factors were injected and
a gradient was established. Newly formed vessels were observed to sprout
from the parent channel invading the matrix, recapitulating neoangionetic
events, as in Fig. 4.1C(ii). This set-up also allowed to test different com-
binations of pro-angiogenic factors, investigating their role in inducing the
formation of new vessels.

Mimicry of the physiological microenvironment: co-culture models

Co-culture models were implemented to better mimic an in-vivo-like mi-
croenvironment. They included fibroblast cells, naturally secreting angio-
genic sprouting-inducing factors, within the devices. In these platforms, ei-
ther vessel formation can be directed through the chip geometry or cells can
be let organise autonomously into a vascular network. For instance, in the
first case, the device developed in [344] was composed of two main paral-
lel channels interconnected by eight bridge channels of customisable size, as
showed in Fig. 4.2A.i and Fig. 4.2A.ii. By seeding ECs and fibroblasts in
the matrix-filled main channels (Fig. 4.2A.iii), ECs, upon fibrolast-derived
pro-angiogenic stimuli, were shown to migrate into the bridge channels from
both sides and form tubular structures, as in Fig. 4.2A.iv. Eventually, with
the two extremities fusing in the middle of the channels, perfusable blood
vessels were obtained.

In the work by Moya et al. [327] the second approach was adopted. The
microfluidic platform reported in Fig. 4.2B.i comprised two outer microchan-
nels, connected to either sides of a chain of 12 millimetre-sized diamond-
shaped microchamber, through a single communication pore. The microchan-
nels were linked to large medium reservoirs for the establishment of hydro-
static pressure difference, controlling both convective and interstitial flow
direction and magnitude. The two channels simulated venular and arteriolar
circulations, while a mixture of endothelial and fibroblast cells embedded in a
fibrinogen matrix was seeded into the microchambers. Upon the fine control
of both mechanical (interstitial flow and pressure gradients) and chemical
stimuli (pro-angiogenic factors, hypoxia, nutrient deprivation), an intercon-
nected network of capillaries was obtained in each chamber within 14 — 21
days, as showed in Fig. 4.2B.ii and Fig. 4.2B.iii. They were demonstrated to
be perfusable and physiological shear stress was applied in the system.
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In the described works, the integration of these platforms with microscopy
approaches (phase contrast, epifluorescence and confocal microscopy, as well
as time-lapse imaging) allowed to follow cell migration and angiogenic sprout-
ing, as well as to investigate microvessels features. The injection of fluorescent
microbeads (Fig. 4.2B.iv) or dextran confirmed the possibility to perfuse the
formed microvessels, proving their stability and barrier function.
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Figure 4.2: Vasculature-on-chip models entailing ECs-fibroblasts co-
coltures. A. Design of a microfluidic platform (i) comprising two parallel mi-
crochannel interconnected by a ladder structure, composed of eight parallel bridge
channels (ii), filled with fibrin gel. (iii) HUVECs were loaded at the extremities of
each ladder channel, while fibroblasts were seeded into the two parallel microchan-
nels. (iv) Upon the pro-angiogenic stimuli produced by fibroblasts, HUVECs grow
and migrate to fuse in the centre of each ladder channel, bringing to the forma-
tion of a self-organised capillary network. Adapted from [344] B. (i) Geometry
of the high-throughput PDMS microfluidic device consisting in twelve diamond-
shaped tissue microchambers, daisy-chained and interconnected by pores on each
side along the long axis. Each chamber is connected to two fluidic channels. Human
endothelial colony forming cell-derived ECs (ECFC-ECs) and normal lung human
fibroblast (NHLFs) were suspended in a fibrinogen solution and loaded within the
microchambers. An interconnected network of perfusable capillaries was obtained
within each chamber and was visualised through bright-field (ii) and fluorescent
(iii) microscopy. (iv) Red fluorescent microbeads (white arrows) were injected
within the microvessels and visualised through confocal microscopy, confirming the
formation of a perfusable vascular network. Adapted from [327].
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Investigations on endothelial barrier functionality

These platforms have been also employed to investigate endothelial response
to flow-induced shear stress. For instance, Kim et al. [155] developed a mi-
crofluidic chip consisting in five parallel channels partitioned by microposts.
Matrix-embedded ECs were seeded in the central channel, whereas fibroblasts
were introduced in the two most external ones, as displayed in Fig. 4.3A.1.
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Figure 4.3: Vasculature-on-chip platforms to investigate endothelial re-
sponse to shear stress. A. Microfluidic device composed of five parallel channels
partitioned by microposts. (i) Cell seeding configuration, with ECs and fibroblasts
loaded in the central and stromal (lateral) channels, respectively. (ii) Vasculogen-
esis occurring in the device, leading to ECs organisation in a perfusable vascular
network. (iii) Fluorescent image of the vasculature grown in the device. Cells are
stained with CellTracker (green), nuclei are stained with DAPT (blue). (iv) and
(v). F-actin (green) configuration in vascular networks grown under static (iv) and
flow (v) conditions. Physiological levels of shear stress induce the organisation of
F-actin stress fibres aligned in the direction of the flow. Cell nuclei are stained
in blue. Adapted from [155]. B. Microfluidic platform entailing multiple medium-
circulation units where the flow is driven by pneumatic pressure difference obtained
by the presence of two reservoirs. Three different microchambers allow to expose
HUVECs cultures to flowing medium. (i) Layout of a single circulation unit of the
device, comprising culture channels, where cells are grown, a return channel, and
connecting channels (flow direction is indicated by the pink arrows). The storage
and feed reservoirs generate a pressure-driven flow within the device. (ii) and (iii).
Fluorescent images of HUVECs stained for F-actin (red) and nuclei (blue), cul-
tured under static condition (ii) and under flow (iii), exerting physiological shear
stress levels (10 dyncm™2). Adapted from [345].
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The two compartments were separated by two intermediate fluidic channels,
where culture medium was flowed. Upon the maturation of a microvascular
network (Fig. 4.3A.ii and Fig. 4.3A.iii), evaluation of its low permeability
confirmed the formation of an intact barrier. It was then perfused to exert
physiological levels of shear stress (0.31 —7.22 dyn cm ™2, depending on vessel
size) on the microvessel walls. It was demonstrated that F-actin cytoskeleton
reorganised into evenly distributed stress fibres aligned along the flow direc-
tion, as reported in Fig. 4.3A.v, compared to microvasculature grown in static
conditions (Fig. 4.3A.iv). A significant increase in the synthesis of nitric ox-
ide (NO), associated with several endothelial functions, was also reported
[155]. Similar results were obtained through another microfluidic platforms
developed in Satoh et al. [345], consisting in an array of three parallel inde-
pendent cell culture units, where pressure-driven flow exerted physiological
shear stress (2 or 10 dyncm™2) on a monolayer of ECs covering the bottom
of the microchannels. The device layout is shown in Fig. 4.3B.i. ECs under
shear stress (Fig. 4.3B.iii) showed a spindle-like morphology and elongated
along the direction of the flow compared to static cultures (Fig. 4.3B.ii).
Moreover, increased production of endothelial-associated molecules, such as
NO, was observed [345].

These results were also consistent with previous studies on 2D ECs mono-
layer exposed to laminar flow in non-microfluidic systems [154].

Increasing biological complexity: the blood-brain-barrier-on-chip

The reproduction of physiological-like vascular models paved the way for
drug delivery studies within these systems, also involving more complex bi-
ological barriers, such as the blood-brain barrier (BBB). In particular, ef-
forts were directed to enhance its permeability and favour drug passage. It
had already been demonstrated that endothelial barrier permeability is shear
stress-dependent in a 2D endothelial monolayer [346], and these results were
confirmed for a 2D BBB model cultured in a flow chamber allowing the
application of physiologically relevant shear stress [347|. In this context, a
commercially available microfluidic device was employed to develop a rel-
evant BBB-on-chip model [348, 349]. The microfluidic platform comprises
two different compartments, namely the vascular channels (two independent
microchannels) and the tissue compartment (a central chamber surrounded
by the channels), interconnected by an interface of evenly spaced pores, as
shown in Fig. 4.4A. By co-culturing neonatal rat capillary endothelial cells
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Figure 4.4: The BBB-on-chip. The microfluidic platform for the reproduction of
the BBB. A. Geometry of the microfluidic device, with a central tissue compart-
ment and two independent vascular channels interconnected by a series of pores.
B and C. Brightfield (B) and fluorescent (C) images of the BBB model, with as-
trocytes (red) and HUVECs (green) grown in the tissue compartment and in the
vascular channels, respectively. Cell nuclei are stained in blue. D. Detail of the
interactions between astrocytes and HUVECs through the device pores, allowing
the establishment of the physical and biochemical contacts for the formation of a
physiological-like model of BBB. Adapted from [348].

and astrocytes, respectively in the vascular channel and in the tissue com-
partment (Fig. 4.4B and C), both biochemical and direct physical endfeet-like
interactions took place between the two cell populations (Fig. 4.4D), resem-
bling BBB physiological conditions. Moreover, endothelial cells lining the
microchannel walls can be subject to physiological flow rates through the
perfusable channels, allowing the formation of a vascular lumen. This BBB
model was employed for permeability studies [348] as well as for the character-
isation of signalling pathways involved in sepsis-induced neuroinflammation
and the screening of therapeutics [350]. This system allows to mimic in vivo
vascular features, thanks to the three-dimensional channels, with a similar
size to microvessels, and to the possibility to perfuse them. Indeed, optimis-
ing shear stress to match physiological values (1 — 12 dyncm™2 [351]) has
been demonstrated to improve endothelial barrier maturation and functions.
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Considerations on our blood vessel-on-chip system

The blood vessel-on-chip presented in this thesis shares some of its physi-
ological features with other models discussed in this section. Its geometry,
discussed in detail in § 5.1.1, is composed of two vascular channels (VCs) sur-
rounding a central tissue compartment (TC). The different compartments are
interconnected by a series of pores. The device was also employed for the
realisation of a BBB-on-chip experimental model [348], as described in the
previous paragraph and represented in Fig. 4.4.

The adopted approach to obtain the endothelial barrier is similar to the
one presented by Yeon et al. [344], since cell organisation in a microves-
sel is "guided" by pre-existent channels. Indeed, according to our experi-
mental protocol, presented in § 5.2, ECs are loaded into the VCs and let
adhere. A possible drawback of this approach is the impossibility to eval-
uate endothelial remodelling behaviour, which was instead investigated in
other works, where spontaneous angiogenesis or vasculogenesis were followed
on-chip [155, 327, 342, 343]. On the other hand, guiding cell organisation
provides the advantage of having a reproducible model, with the same stan-
dardised geometry and size in all the experiments performed. This aspect is
more desirable for our goal, consisting, as stated in Chapter 1, in the quan-
tification of endothelial permeability and evaluation of junction dynamics,
through an image analysis code, self-customised for the specific geometry of
our system. Moreover, compared to the other presented experimental sys-
tems, the presence of pre-existent microchannels provides another important
advantage. The vascular network formed in the previously discussed works
is perfusable only upon its complete maturation. On the contrary, in our
system endothelial maturation within the PDMS microchannel occurs un-
der flow conditions, with cells undergoing levels of shear stress (10 dyn cm™2)
matching the physiological ones, as explained in § 5.2. This allows to pro-
vide cells with physiological mechanical stimuli from the early stages of their
maturation, obtaining a microfluidic systems reproducing some mechanical
parameters of in vivo microvessels. In this context, having standardised geo-
metrical features is also a key element for the complete control over the sys-
tem microfluidic parameters, including the precise evaluation of shear stress
levels to which ECs are exposed. Moreover, in accord with the experimen-
tal evidence reported in the previous paragraphs, endothelial exposure to
physiological shear stress promotes cell organisation in a mature and inte-
ger barrier, favouring cell adhesion to PDMS walls [352| and their alignment
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along the flow direction [155, 345].

In addition, such a control over microfluidic parameters is fundamental in
this project, since, after a first quantitative evaluation of the endothelial per-
meability, genetically engineered cells were used in place of wild-type cells to
investigate endothelial junction dynamics. Using this device, it was possible
to maintain the same microfluidic conditions while changing the employed
cells.

Our microfluidic system entails a single type of cell population, i.e. ECs,
which can represent another drawback compared to other models where
stromal cells are included to support endothelial growth and functionality
[155, 327, 344] or to obtain organ-specific barriers [348]. Stromal cells in-
deed provide physiological biochemical stimuli to promote endothelial matu-
ration and functionality. Actually, the microfluidic platform employed in this
project does provide the possibility to include more cell populations, thus in-
creasing structural and biological complexity of the system. Despite that
being a future objective of our experimental project, at the present stage we
decided to focus only on the endothelial monolayer behaviour and response
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Figure 4.5: Assessment of endothelial barrier permeability in our mi-
crofluidic system. The endothelial barrier obtained in the presented microfluidic
platform was tested in terms of functionality and integrity. Texas Red-conjugated
Dextran (40 kDa) was injected into the VCs and fluorescence time-lapse recording
was performed over 2 hours, in two different conditions: cell-free device (A) and in
presence of a mature endothelial monolayer (B). The presence of the endothelial
barrier prevented the fluorescent dye from diffusing into the TC, confirming its
integrity. Adapted from [18].
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to exposure to US in presence or absence of MBs, minimising any other ex-
ternal factor that could affect or contribute to that response. Nevertheless,
future development of this system will involve the increase of the biological
complexity in order to evaluate possible variations in the endothelial response
to the exposure to USMB, due to the presence of a stromal cell population.

Furthermore, endothelial barrier functionality in our system had already
been tested in terms of permeability to solutes under physiological flow con-
ditions. To this aim, Texas Red-conjugated Dextran (40 kDa) was injected
into one of the VCs and real-time fluorescence microscopy acquisition was
performed over 2 hours in two different conditions: cell-free device and after
barrier maturation under physiological shear stress. As it can be seen from
Fig. 4.5A, Texas Red Dextran freely diffused into the TCs from the device
microchannel in absence of cells. On the contrary, upon endothelial matu-
ration, dye diffusion was prevented and fluorescence was confined within the
VC, as in Fig. 4.5B, confirming the presence of an integer and functional
endothelial barrier [18].

4.3 Microfluidics for the production of GUVs
as plasma membrane models

As already discussed in Chapter 2, several experimental models have been
developed to recapitulate the features of cell membrane. Among them, gi-
ant unilamellar vesicles (GUVs) [88, 353] are vesicular systems composed of
a closed single phospholipid bilayer. Their match with the size of eukary-
otic cells and the ease of their handling and visualisation through different
microscopy approaches make them preferential model systems [88, 354|. In
this light, some of their features can be optimised in order to enhance their
biomimicry of natural membranes [355]:

e Composition. Membrane composition is a crucial factor for GUVs
production, as phospholipids can differentially affect vesicle properties
[356], such as structure, stability, biomechanics, fluidity and perme-
ability [357, 358, 359, 360]. Hence, membrane composition needs to
be adjusted according to the experimental needs. Moreover, other non-
phospholipid surfactants or synthetic lipids with specific functionalities
can be used, further expanding the possible combinations to tune mem-
brane characteristics [361, 362, 363, 364].
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e Stability. It can be classified as chemical, physical and biological sta-
bility and is related to vesicle durability over time [84]. Usually ranging
from few minutes to even a few months, it depends on several factors,
including vesicle size and composition [357|, but also bulk properties
such as temperature, pH, osmolarity, and salinity [356, 365|. Unstable
GUVs undergo processes like lysis, coalescence, aggregation or budding
[366].

e Mean size and size distribution. GUVs average size lies within the
range of 10 — 100 um [88, 354|, which is also advantageous for their
handling and manipulation. For a lot of biomedical applications, con-
trol over GUVs size distribution is fundamental. It can be influenced
by lipid composition (e.g. the length of surfactant chains or the area of
the phospholipid headgroup) and by some bilayer characteristics, such
as spontaneous curvature and the elastic moduli described in Helfrich’s
model [353, 356, 367|. Usually, monodispersed GUVs (i.e. popula-
tion of vesicles of the same size, or with small deviation) are preferred
for their uniformity, which guarantees stability and the consistency of
population properties [84, 368|.

e Encapsulation efficiency. Molecules of different nature, drugs in-
cluded, can be enclosed within phospholipid vesicles [369]. The sub-
stance to load into the vesicular system is named core or sensitive
material, while the enclosing material is said the encapsulant; the final
system is called the encapsulate. The encapsulation efficiency (EFE),
which can also be expressed as percentage, is defined as the ratio be-
tween the concentration of the core material entrapped within the en-
capsulate (Cj,) over the total concentration of that substance (Cyu)
initially added to the encapsulation system [370, 371]:

C’in

EFE =
CYtot

- 100.

EF is strongly affected by vesicle composition and stability as well as
by the chosen method for GUVs production [369, 372, 373, 374].

These characteristics can be affected by GUVs production method. Tradi-
tionally, batch methods have been employed, starting from natural swelling,
introduced in the late Sixties of the XX century [353, 375] and successively
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integrated with some strategies to increase the efficiency of the process (e.g
addition of sucrose [376| or charged lipids [377]) [378], up to the use of electric
pulses with the introduction of the electroformation technique by Angelova
and Dimitrov in 1986 [379]. In general, batch methods rely on two different
approaches, i.e. phase inversion and organic solvent-free [380].

However, batch methods cannot always guarantee ideal GUVs features,
especially in terms of size distribution, and thus require post-processing steps
to even their size out, such as extrusion or sonication. In this context, mi-
crofluidics allows more precise handling of the experimental conditions during
both production and manipulation steps, as well as the possibility to monitor
formation events in real time. It offers a series of advantages, including size
monodispersity and the production of long-lasting vesicles [366, 381]. It also
guarantees a fine control over salinity, osmolarity, temperature, pH, as well as
fluid mechanical forces and vesicle lamellarity [355]. Moreover, in microflu-
idic systems vesicles can be easily produced in a high-throughput way and
the post-production processes can be integrated on the same device [380].

Microfluidic methods for GUVs production can be divided into scaled-
down macroscale techniques and approaches specifically designed for the mi-
croscale [380]. Examples of techniques derived from the macroscale include
microfluidic-based electroformation [382], lipid film hydration in microchan-
nels [383, 384], and extrusion (advantageous to control vesicle lamellarity)
[385]. On the other hand, hydrodynamic flow focusing (HFF) is a widely
employed microfluidic approach to produce phospholipid vesicles, exploiting
diffusive mass transfer at the interfaces between immiscible liquids and al-
lowing to control vesicle size by tuning the volumetric flow rate ratio of the
different solutions [386, 387]. Other microfluidic methods for vesicles produc-
tion include pulse jetting [388, 389] and droplet-microfluidic-based emulsion
templates. The latter consists in vesicle formation based on either single
or double emulsion drops, respectively water-in-oil (W/O) [390, 391, 392]
and water-in-oil-in-water (W/O/W) |26, 381, 393, 394]. In particular, this
last approach allows the formation of monodispersed GUVs with high effi-
ciency and production rate [26]. It is based on the employment of W/O/W
double emulsification, obtained through specific geometries combining HFF
with droplet-based microfluidics. They usually consist in two consecutive
flow focusing junctions, as depicted in Fig. 4.6A. At the first junction, a first
aqueous solution is intersected by a lipid-containing oil phase and sheared
into W /O emulsion droplets enclosed by a lipid layer with hydrophobic chains
stabilised by the oily environment. At the second junction, W/O droplets in-
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tersect with an external aqueous solution; lipid molecules thus reorganise into
a bilayer, with the polar heads facing outwards on both sides [26, 89, 395].
Vesicles formation is finalised with solvent removal from the hydrophobic
layer of W/O/W emulsion droplets. This can be accomplished with the ad-
dition of organic solvents to external aqueous environment, which solubilise
and extract oil residues, leaving a single phospholipid bilayer around the wa-
ter droplet. Different solvents or mixtures can be used, such as toluene and
chloroform [26], toluene and tetrahydrofurane [396], and ethanol [89, 390].
In this project, solution composition was inspired to the work of Teh et
al. [89]. The use of Pluronic F-68 (a di-block copolymer with surfactant
properties) in the internal aqueous solution allows to protect the membrane
from hydrodynamic damages and to prevent coalescence of the double emul-
sion droplets, thus improving GUVs stability. The oil phase was made of oleic
acid, whereas the external aqueous solution contained glycerol, Pluronic F-68
and ethanol. Glycerol, water-soluble and biocompatible, increases the vis-
cosity of the external phase facilitating the shearing of the oil solution; it also
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Figure 4.6: GUVs formation through double emulsion template. Examples
of device geometries to promote the formation of a W/O/W double emulsion for
GUVs production, through two consecutive flow focusing junctions. A. Sketch of
a microfluidic device geometry (i), where the two consecutive junctions (ii) allow
direct formation of the W/O/W double emulsion. Adapted from [395] B. The ba-
sic geometry can be optimised with additional features, such as a channel meander
helping the spontaneous phospholipid organisation in a monolayer around the aque-
ous droplets in W/O emulsion. Adapted from [397] C. The selective hydrophilic
treatment with PVA stabilises GUVs formation through favourable interactions
between the channel walls and the lipid polar heads. Image adapted from [89).
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contributes to the stability of the phospholipid bilayer. Ethanol is used for
oil residues extraction from the bilayer, as oleic acid is soluble in this alcohol
[89].

The described geometry can be optimised with other structures, such as
a channel meander (coil) placed between the two junctions, as in Fig. 4.6B,
aimed at favouring the spontaneous organisation of a phospholipid monolayer
around each aqueous droplet [27].

Moreover, since the vesicular external surface is polar, its interactions
with the hydrophobic PDMS walls are energetically unfavourable. GUVs sta-
bility during the formation process has been demonstrated to be improved
by selective hydrophilic pre-treatments of PDMS channel walls, such as the
treatment based on polyvynil alcohol (PVA) [398] employed in Teh et al. for
GUVs production through droplet-based microfluidics [89] (Fig. 4.6C). PVA
is a mechanically strong, biocompatible, and non-toxic polymer showing hy-
drophilic properties [399]. By coating the surface of external microchannel
wall, PVA forms an hydrophilic layer that promotes and stabilises the for-
mation of W/O/W droplets.

The vesicles obtained through this microfluidic approach are usually sta-
ble for long periods of time, up to three months [89, 395]|.

The GUVs produced through microfluidic approaches have been exploited
to carry out a wide range of studies regarding membrane features [88], in-
cluding their biomechanics [27, 397, their permeability [389] and their role as
biological barriers for compartmentalisation and encapsulation [89, 390, 400].

Microfluidic-based, drug-delivery-related studies have been recently car-
ried out employing GUVs as membrane models. For instance, a microfluidic
device has been used to immobilise GUVs and study lipid membrane re-
sponse to shear forces exerted by fluid flow, which can be relevant not only
to mechanotransduction studies, but also to simulate haemodynamic condi-
tions during drug transport [401]. Studies on membrane permeability and
drug release have also been performed [402|. In this context, thanks to the
fine control that microfluidics provides, vesicle composition and diameter can
be adjusted and smaller drug carriers can be produced and functionalised to
optimise drug loading and release [402, 403, 404, 405|. Moreover, GUVs them-
selves have been recently considered as drug carriers, as briefly discussed in
§ 2.3. Microfluidics has been thus exploited for the high-throughput produc-
tion of functionalised GUVs for drug delivery purposes [406].

Besides, microfluidics contributes to drug delivery research in other ways.
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For example, HFF can be also used for the fabrication of lipid-stabilised MBs,
which can be used as UCAs [407]. In particular, since MBs act as acoustic
amplifiers in cavitation phenomena, these systems can be combined with US
for the development of enhanced drug delivery strategies [407, 408]. In this
respect, microfluidics can offer a valid contribution to test and improve the
efficiency of these drug delivery and therapeutic approaches.



Chapter 5

Experimental set-up and Results

Moving from the theoretical background provided in Chapters 2, 3 and 4, the
following chapter is intended to present the experimental aspects of this PhD
project, including the employed materials and methods, as well as the ob-
tained results. In the first part of the dissertation, the detailed description of
the device microfabrication procedure, through soft lithography, is provided.
The second section is dedicated to the blood vessel-on-chip microfluidic sys-
tem. Initially, the experimental set-up is described in detail, entailing the
cell seeding protocol for loading endothelial cells into the microfluidic plat-
form, the acoustic and optical set-ups for the USMB-mediated cavitation
experiments, as well as the analysis of endothelial barrier permeabilisation.
The relative results are then presented and discussed. Analogously, the last
part of the chapter is devoted to the production of GUVs through microflu-
idics. The setting up of the experimental protocol is reported, providing
details about the production of the W/O/W double emulsion template, the
microfluidic parameters (e.g. solutions flow rate) and about the microscopy
investigations carried out on the formed GUVs. Hence, the results related to
vesicle formation are reported and discussed.

5.1 Microfabrication of the microfluidic devices

5.1.1 The geometry of the devices

The geometries of the devices employed in this project were designed by
computer-aided design (CAD) and successively used for the production of a
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master mould through photolithography. Then, soft lithography by replica
moulding (REM) was used for the self-microfabrication of the microfluidic
platforms. Both devices were made of PDMS.

The blood vessel-on-chip device

The commercially available microfluidic platform is produced by SynVivo
(AL, USA) and used throughout this project. A home-made replica of this
device, shown Fig. 5.1A, was microfabricated to be bonded onto a 0.17 mm-
thick microscope glass coverslip (alternatively to the standard 1 mm-thick
microscope glass), in order to optimise the resolution for confocal fluorescence
microscopy.

The device geometry, sketched in Fig. 5.1B, comprises a circular mi-
crochamber (1575 ym x 100 pm, diameter x height), named the tissue com-
partment (TC), surrounded by two independent microchannels (200 ym X
100 um, width x height), representing the vascular channels (VC), where
vascular endothelial cells (VECs) can be seeded and cultured. Each VC can
be accessed through an independent inlet, while two inlets provide control
over the TC. The TC and the VCs are interconnected by a series of radially
distributed pores (3 pm X 3 ym x 100 gm, width x height x length), spaced
every 50 pm.

The SynVivo geometry was chosen for its well-characterised microfluidic
properties (e.g. even flow distribution and controlled values of shear stress),

Figure 5.1: The blood vessel-on-chip device. (A.) The PDMS microfluidic
platform self-microfabricated through soft lithography. Adapted from [29]|. (B.)
Sketch of the device geometry. The central tissue compartment (yellow) is sur-
rounded by the two vascular channels (blue) and connected to them through a
porous membrane.
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the ease of handling and for its versatility, which gives the possibility to in-
crease the structural and biological complexity through 2D or 3D co-cultures
within the different compartments. Moreover, the presence of two VCs either
allows to obtain two endothelial vessels within the same device (using cells
coming from the same batch and undergoing the same growth conditions) or
to establish biochemical gradients, by flowing enriched medium into one of
the two microchannels.

Double exposure lithography was performed in order to obtain the two
different heights (100 um and 3 um) within the microstructure, as it will be
explained throughout this section.

The device for GUVs production

The geometry of the microfluidic device employed for GUVs production is
inspired by the work of Karamdad et al. [27] and is shown in Fig. 5.2.
The device consists in three independent inlets (Iy, Iy and I3), one for each
solution to form the double W/O/W emulsion. Two symmetric branches
originate from both I and I3 to successively join at the intersection with
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Figure 5.2: The microfluidic platform for GUVs production. A. CAD design
of the device geometry, inspired by [27]. It is composed of three inlets (Iy, Is and
I3) for the injection of each solution and by two consecutive flow-focusing junctions,
separated by a coil, for the formation of a W/O/W double emulsion. The produced
GUVs are collected at the device outlet. B. Focus on the core of the geometry,
where the solutions intersect to form the double emulsion.
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the flow coming from the more internal inlet. In this way, two consecutive
flow-focusing junctions are formed. A channel meander is interposed be-
tween them. From the second flow-focusing junction, the formed GUVs flow
towards the device outlet for their final collection. The channel originating
from I; is 300 pum wide x 100 pm high. It intersects the two symmetric mi-
crochannels originating from I, (200 yum x 100 pm, width x height) at the
first flow-focusing junction, sized 30 um. The successive channel meander
has a dimension of 70 ym x 100 gm, width x height. The second flow-
focusing junction is 70 pm wide. It is formed by the intersection between the
channels coming from the meander and from I3, from which two branches
(200 pm x 100 pm, width x height) originate. Before the second junction,
the two external channels width reduces down to 50 um. The size of the
microchannel flowing towards the outlet is 90 um x 100 pm, width x height.

Compared to the device presented in Karamdad et al. [27], 90° angles
were inserted at the channel bends. Hence, microchannels size was increased
and the flow rates were optimised in order to prevent alterations of the fluid
flow or air bubble formation, as well as to ensure laminar regime within the
device. This allows the proper interaction between the different solutions at
the flow-focusing junctions and the formation of the W/O/W double emul-
sion. Although computational fluid dynamics (CFD) and numerical simula-
tions can be used to simulate and optimise the double emulsion formation
process [409, 410], this goes beyond the scope of this thesis project, based on
experimental work.

After microfabrication, the device was bonded onto a 1 mm-thick micro-
scope glass.

5.1.2 Materials and Methods

Photolithography: Fabrication of the master mould

The master mould for soft lithography is obtained by photolithography. In
this project, SU-8 epoxy resin (MicroChem, Newton, MA) was used to pat-
tern the desired geometry onto the silicon wafer. In particular, SU-8 with
two different viscosities was used: SU-8(3050) for 100-pm-high structures
and SU-8(3005) for 3-um-high patterns.

SU-8 is a negative photoresist, i.e, it polymerises upon exposure to UV
light (at the wavelength A = 365nm). Hence, microstructures in relief are
obtained with the aid of a photomask, shielding the photoresist from UV
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light, patterned with the reverse of the geometry of interest. It thus allows
UV light to pass through only where the SU-8 needs to cross-link. Therefore,
the initial step of the microfabrication process involved the design of the
geometries of interest. This was accomplished by CAD, the geometries were
then printed onto a high-resolution photomask.

The main phases that can be identified in the photolithographic process,
described in detail in this section, are the spin coating phase, the pre-exposure
bake (soft bake), the exposure phase, the post-exposure bake (PEB), the de-
velopment step and the final hard-bake. When double exposure lithography
is performed, as in the case of the blood vessel-on-chip device, all the steps
are initially performed for the 3-um-high porous structure, until the devel-
opment phase. Then, before carrying out the final hard-bake step, they are
repeated to micropattern the 100-pum-high geometry. Finally, the hard-bake
step is performed to obtain the master mould.

Pre-treatment of the substrate. The silicon wafer must be thoroughly
cleaned from any physical (e.g. dust) or chemical contaminants before coat-
ing with SU-8. Indeed, any impurity could hinder photoresist exposure to
UV light, compromise the uniformity of the photoresist coating on the sur-
face, or provoke unwanted effects by reacting with other chemicals used dur-
ing the process. The silicon wafer was thus immersed in Piranha solution
(H2042:H5S0y, 1:3) for 20 minutes. With its high oxidative power, this so-
lution removes all metallic and organic contaminants. Then, the wafer was
rinsed with distilled water and completely dried under a stream of air, to
prevent water residues from affecting the adhesion of the photoresist.

Spin coating and soft bake. A spin coater (WS-650, Laurell Technolo-
gies, PA, USA) was used to deposit SU-8 onto the silicon wafer. Spin coating
technique exploits centrifugal force to obtain a uniform film of desired thick-
ness, which is influenced by the rotation speed, the acceleration and the
SU-8 photoresist viscosity. The process is carried out in a pure nitrogen at-
mosphere. For the micropatterning of the 3-pm-high structure, SU-8(3005)
was accelerated to 500 rpm in 10 seconds, and then accelerated by 100 rpm s~!
up to 4000 rpm, spinning at this velocity for 30 seconds. The spin coating
process was carried out at 25°C. In order to obtain the thickness of 100 pm,
SU-8(3050) was accelerated to 500 rpm in 10 seconds and then accelerated
by 100 rpm s~ up to 1000 rpm, for 30 seconds, at 20°C.
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After spin coating, the photoresist can still contain up to 15% solvent, as
well as possible built-in stress, which might affect the quality of the coating
and the density of defects successively transferred to the device. To overcome
this issue, the coated wafer was soft-baked (pre-exposure bake) at 65°C for
2 minutes and then at 95°C for 30 minutes.

Exposure to UV light and post-exposure treatment. Through the
use of the high-resolution photomask, SU-8 was selectively exposed to UV
light to activate its cross-linking and obtain the microstructures patterned in
relief on the silicon wafer. A UV-KUB3 exposure box (Kloe, FR) was used,
producing a power of approximately 200 mJ cm~2.

For the microfabrication of the blood vessel-on-chip device, double ex-
posure photolithography was performed aligning two complementary pho-
tomasks, in contact mode. The first exposure was performed for the SU-
8(3005) (3-pum-high porous structure) at 50% power for 15 seconds. After
the development and the PEB steps (see below), a second 100-pm-thick SU-
8(3050) layer is deposited onto the wafer to pattern the complementary struc-
ture of the device. The alignment process is performed manually with the
aid of alignment references present in the two photomasks, visualised with an
optical microscope. Then, the second exposure is carried out at 60% power
for 22 seconds.

For the production of the GUVs generator device, exposure was performed
at 60% power for the 100-pum-thick SU-8(3050) layer, for 22 seconds.

After UV exposure, PEB is performed, at 65°C for 1 minute and then
at 95°C, for 7 minutes in the case of SU-8(3005), or for 10 minutes for SU-
8(3050). Similarly to the previous soft-bake, such a gradual temperature
increase minimises the mechanical stress inside the photoresist.

Chemical development. In this step, performed after each UV exposure
and PEB, a specific solvent (developer) is used to selectively rinse the un-
linked, fluid photoresist, with no effects on the hardened parts. Propylene
glycol monomethyl ether acetate (PGMEA) (MicroChem, Newton, MA) was
used as SU-8 developer. After exposure, the SU-8-coated wafer was immersed
in PGMEA for at least 3 minutes at RT. The unlinked photoresist was thus
dissolved, while the patterned microstructures were revealed. This step could
still leave some unwanted unlinked photoresist residues, and, by developer
penetration, even weaken the adhesion of the cross-linked photoresist onto
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the silicon wafer surface. Therefore, after washing the substrate with iso-
propyl alcohol and drying it with compressed air, an additional post-bake
step was performed, with a similar temperature ramp-up as before: 65°C for
2 minutes and then 95°C for 4 minutes.

Hard bake. As last step, hard bake was performed at 150°C for 1 hour,
with the aim of removing all the residual stresses that could be still left within
the exposed photoresist. This step improves the hardness of the patterned
structures and increases the mould resistance during the successive REM.

Soft lithography by replica moulding and plasma treatment

After the hard bake, since our protocol does not involve a silanisation process
before REM, the master mould is ready to be used for device microfabrica-
tion. A mixture of PDMS and its curing agent (10:1) (SYLGARD™ 184
Silicone Elastomer Kit, Dow Europe GmbH, Germany) was prepared and
degassed. The prepolymer was poured onto the master mould and thermally
cured at 90°C for 30 minutes, to induce PDMS cross-linking. The hardened
PDMS structure (with a complementary geometry to the master mould) was
peeled off from the mould and punchered at the microchannel inlets and
outlets, to ensure access to the micropatterned structures within the device.

Afterwards, PDMS was bonded to a microscope glass slide through plasma
treatment, using plasma cleaner (PDC 002-CE, Harrick Plasma, USA) with
a plasma power of 27 W at the pressure of 680 mTorr for 3 minutes. This
treatment oxidises the surfaces exposed to plasma, allowing the successive
formation of covalent (irreversible) bonds between them when put into di-
rect contact and provided with thermal energy (60°C for approximately 30
minutes). In this specific case, Si-O-Si bonds were formed between the lay-
ers, since oxidation forms silanol groups (-SiOH) on PDMS surface, which
interact with glass active groups. The newly formed bonds are strong enough
to seal the microfluidic device, so that fluids can be confined and pumped at
pressures as high as approximately 350 kPa [411].

5.2 Blood vessel-on-chip

The following section is devoted to the description of the blood vessel-on-chip
platform and the relative experiments on endothelial permeabilisation. As
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introduced in Chapter 1, aim of this part of the PhD project is the quanti-
tative evaluation and the dynamic characterisation of endothelial permeabil-
isation upon exposure to US in presence or absence of MBs. After assessing
the effects of USMB-mediated cavitation phenomena on the experimental
model previously developed by our group [28, 29], interendothelial junction
dynamics upon these events will be investigated through live imaging on an
endothelium obtained using genetically modified ECs. Since USMB induce
sonoporation, as explained in § 3.4, we can expect pores to form on the
surface of the ECs as well. However, as already stated, aim of this investiga-
tion is the evaluation of endothelial permeabilisation through the opening of
interendothelial gaps. For this purpose, VE-cadherin is stained either with
immunofluorescence assays or by genetically engineering ECs and, despite ac-
knowledging cell membrane sonoporation, attention is paid only to the events
involving interendothelial junctions. In the following section, the realisation
of the endothelial barrier models and the analysis of endothelial permeabil-
isation are described, with the relative results. Then, preliminary results
regarding interendothelial junction dynamics are presented and discussed.

5.2.1 Experimental set-up
Cell culture

Human umbilical vein endothelial cells (HUVECSs) were chosen as these pri-
mary cells are well-characterised and are considered an ideal experimental
model for the formation of the endothelial barrier in vitro.

HUVECs pooled from different donors were purchased from Lonza (MD,
USA) and stored in liquid nitrogen. Cells were cultured using Endothe-
lial Basal Medium-2 (EBM-2) supplemented with the Endothelial Growth
Medium (EGM-2) Bullet Kit from Lonza (MD, USA). Cells up to the 6%
passage were used, so as to guarantee the physiological expression of en-
dothelial proteins.

HUVECs were cultured in 75cm? treated flasks in a humified incubator
at 37°C and 5% CO,. Upon reaching ~ 90% confluence, they were detached
to be seeded into the microfluidic device. Cells were washed with Dulbecco’s
Phosphate Buffered Saline (PBS) without Ca?™ and Mg*" (Sigma Aldrich,
MO, USA) to remove all medium residues and then treated with Trypsin
EDTA solution (Sigma Aldrich, MO, USA). After 50seconds, trypsin ac-
tivity was blocked by adding Trypsin Neutralizing Solution (TNS) (Sigma-
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Aldrich, Missouri, USA), cells were collected and centrifuged at 1400 rpm
for 7 minutes at RT. Then, they were resuspended in filtered EGM-2 at the
average final concentration of 108 cellsml™!, for the successive seeding. This
concentration was experimentally proven to guarantee the optimal seeding
confluence within the VCs. On average, three vascular channels can be ob-
tained from a single flask with HUVECs at ~ 85 — 90% confluence.

Cell infection

In order to carry out live imaging microscopy and investigate junction dynam-
ics, HUVECs were genetically modified to express constitutively fluorescent
VE-cadherin. This was achieved through an infection protocol, carried out
in collaboration with the group of Professor Bozzoni of the Department of
Biology and Biotechnology of Sapienza University of Rome.
pLV-CDH5-mRuby3-IRES-puro plasmid (Plasmid #85144) [412], shown
in Fig. 5.3, as well as the 2"¢ generation packaging plasmids psPAX2 (#12260)
and pCMV-VSV-G (#8454) were purchased by Addgene (MA, USA).
HEK293T cells were cultured in DMEM (10% FBS, 1% Glutamax, 1%

Figure 5.3: pLV-CDH5-mRuby3-IRES-puro plasmid. Map of the plasmid
(Plasmid # 85144, Addgene) used for HUVECs infection, carrying the gene coding
for VE-cadherin linked to the red fluorescent protein mRuby3. Taken from Addgene
plasmid # 85144.
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Pen/strep) and kept in logaritmic growth phase. 3 ug of pLV-CDH5-mRuby3-
IRES-puro plasmid, psPAX2 and pCMV-VSV-G (4:3:1) were co-transfected
into HEK293 cells on 150-mm dishes. Calcium phosphate transfection pro-
tocol was performed. Culture medium was replaced with low-serum medium
(5% FBS) after 16 hours. The supernatant containing viral particles was
harvested and filtered (0.22 um filters). Using a viral concentration column
(# UFC910024, Millipore, MA, USA), all the produced viral particles were
used for the successive HUVECs infection.

HUVECs were cultured as previously described. Cells were infected in
their own medium complemented with Polybrene (4 ugml™). After 24 hours,
the medium was changed and VE-cadherin fluorescent signal was visible in
approximately 30% of cells in both infection conditions 4 days post-infection.
Selective pressure exerted by Puromycin addition (0.5 ug mlfl) allowed the
identification of successfully-infected cells. Puromycin was only removed
when uninfected control cells were all dead.

Cell seeding

Cell seeding protocol, outlined in Fig. 5.4, was adapted from [413] and [348].
The device was firstly degassed and rinsed with PBS with Ca?t and Mg?"
(Fig. 5.4A). Before seeding, microchannels were functionalised to favour HU-
VECs adhesion to the PDMS walls, by perfusing fibronectin (200 ugml ™)
(Sigma-Aldrich, MO, USA) for 2 hours at 37°C and 5% CO, (Fig. 5.4B) with
the aid of a programmable multiple syringe pump (PhD ULTRA Syringe
Pump, Harvard Apparatus, MA, USA). Afterwards, HUVECs were injected
into the vascular channels (Fig. 5.4C) with the aid of a Tygon tube (Saint
Gobain PPL Corp, PA, USA) and of the programmable multiple syringe
pump. Initial cell confluence was optimised at 60% — 70%, then they were
let adhere to the channel walls at 37°C and 5% CO, for 4 hours in static
conditions.

Then, the device inlets were connected to EGM-2 reservoirs through a
Tygon tube and the whole system was placed inside the incubator, at 37°C
and 5% CO, to protect cells from thermal shock. Outlet tygon tubes were
connected to 1 ml plastic syringes (Fisher Scientific, PA, USA) secured on the
multiple syringe pump located next to the incubator. This layout offers the
possibility to generate a continuous flow inside the microchannels (Fig. 5.4D),
pulling the medium from the reservoirs through the vascular channels. Flow
perfusion was thus started and reached the rate of 0.5ulmin~! over the
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Figure 5.4: Sketch of the seeding protocol for the realisation of the blood
vessel-on-chip model. Details about each step are provided in the main text.

first 24 hours, then, after refilling medium, flow rate was ramped up to
25 ulmin~!, which exerted physiological levels of shear stress on ECs, i.e.
10 dyn cm—2

Flow-induced shear stress

In order to allow the endothelium to grow under physiological-like conditions
and to form mature and fully functional interendothelial junctions, growth
medium was constantly flowed into the microfluidic platform. The flow rate
was initially ramped up to 0.5 ulmin~! over the first 24 hours and then to
25 plmin~! until full maturation. This ramp-up mode was chosen in order
to allow cells to progressively adapt to the fluid flow increase over time.

The flow rate was chosen to exert physiological levels of shear stress on
the endothelium. The average wall shear stress 7 (expressed in dyncm™2)
for the device size was calculated using the following equation:

Qu
w2h’

where @ is the fluid flow rate expressed in plmin=', y the fluid dynamic

(5.1)
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viscosity, expressed in Pa -s, w and h the width and height, respectively, of
the device microchannels, measured in m. At 37°C, the dynamic viscosity of
the growth medium can be approximated to the dynamic viscosity of water,
equal to 8 x 107* Pa - s. Therefore, at the flow rate of 25 ulmin~" the shear
stress exerted on the endothelium is approximately 10 dyncm™2, which falls
into the physiological range of 1 — 12dyncm™2 [351].

Immunofluorescence assay

All the steps of the immunofluorescence assay were carried out at RT condi-
tions. ECs were initially fixed with paraformaldehyde (PFA) (Electron Mi-
croscopy Sciences, PA, US) for 15 minutes in static conditions and then rinsed
with PBS with Ca?* and Mg?*. Afterwards, they were permeabilised through
5-minute incubation with 0.2% Triton X-100 (Sigma-Aldrich, MO, USA).
VE-cadherin was stained by perfusing at 0.5 ulmin~! VE-cadherin mouse
monoclonal antibody (Thermo Fisher Scientific, MA, USA), at the concen-
tration of 5ugml™" in 3% bovine serum albumin (BSA) (Sigma-Aldrich,
MO, USA) for 1 hour. After rinsing, AlexaFluor647 conjugate-Goat anti-
mouse IgG (H+L) secondary antibody (Thermo Fisher Scientific, MA, USA)
(2 pgml™1) was perfused for 1 hour at 0.5 ul min~! and antibody excess was
washed with PBS afterwards. Actin filaments were stained by perfusing
Phalloidin-Atto488 (Sigma-Aldrich), 30 ulml™ in 3% BSA, at 0.5 gl min~!
for 1 hour, rinsing afterwards. Nuclei were stained with DAPI (Thermo
Fisher Scientific, MA, USA) for 5 minutes in static conditions and then rinsed
with PBS.

Insonation chamber design

In order to carry out USMB-mediated cavitation experiments, an insonation
chamber was designed to integrate the acoustic and the optical components of
the experimental set-up. It was realised through CAD using the Rhinoceros
software (Robert McNeel & Associates, WA, USA) and 3D printed. An inert
plastic resin was chosen to provide structural strength and total imperme-
ability. Indeed, it was filled up with deionised water during the experiments,
for a dual purpose. Firstly, water was preferred over air as US propaga-
tion medium, as it matches the acoustic impedance at the interface with
the PDMS device. Secondly, water was used to keep cells at their physi-
ological temperature by pre-warming and maintaining it at 37°C. The in-
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sonation chamber was tailor-made to match with the features of an inverted
Olympus iX73 spinning disk confocal microscope, with the external size of
13 x 11.5 x 4.5 cm?® and the internal size of 11.5 x 10 x 3.5 cm?. It has a
capacity of approximately 0.4 (.

The insonation chamber and relative technical drawings are shown in
Fig. 5.5. As it can be observed, the bottom of the chamber is interrupted; it
was sealed with 1-mm-thick plexiglass or with a 175-pum-thick glass coverslip,

Figure 5.5: Insonation chamber. A. Technical drawing of the insonation cham-
ber: (i) overview; (ii) top view; (iii) and (iv) lateral views. Internal dimensions:
11.5x10x 3.5 cm?. Capacity: ~ 0.41. B. Photo of the insonation chamber realised
by 3D printing. Image from [29].
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respectively for bright-field or confocal fluorescence microscopy. By placing
the microfluidic device on top of the glass, direct visualisation of the vas-
culature is ensured, as the total thickness of the chamber and of the device
glasses lies within the working distance of the used microscope objectives.
On the bottom of the support, a pin was included to secure the device, in
order to avoid its displacement in water and to make it adhere to the glass
coverslip, preventing air infiltration.

The acoustic set-up was integrated by placing a support for the transducer
on the top part of the chamber. It was designed with 45° inclination and at
35mm distance from the microfluidic platform, to ensure US propagation in
the far field to the vasculature and prevent uncontrolled pressure variations.
Indeed, transducer calibration for 140 mV driving was previously performed
with the aid of a needle hydrophone, identifying the distance of 25 mm from
the transducer as the boundary between near and far fields.

The integration of the optical and acoustic set-ups is shown in Fig. 5.6.

" Thermal controller
Signal
generator
50-dB power gain
amplifier

Oscilloscope

Figure 5.6: Integration of the acoustic and optical set-ups for USMB-
induced cavitation experiments. The sketch shows the integration of the acous-
tic and optical components. The microfluidic platform is placed at the bottom of
the chamber, ensuring optical access for microscope visualisation. The transducer
is placed on top of the chamber at 45° inclination and US waves are generated by
the US chain, composed of the signal generator, the 50-dB amplifier and the oscil-
loscope. US propagates through deionised water to the blood vessel model within
the device. Water temperature was monitored and kept at 37°C with a thermal
controller. Image from [29].
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Acoustic set-up

As sketched in Fig. 5.6, the acoustic chain was organised as follows: a signal
generator (Tektronix AFG3022¢, OR, USA) emitted electrical signal in burst,
which were amplified by a 50-dB power gain amplifier (ENI 240L) and sent to
a planar, single element, 1-MHz-centre-frequency transducer (diameter: 12.7
mm), necessary to convert them in sine-wave US beams. This process was
constantly monitored with an oscilloscope (Tektronix TBS1064, OR, USA),
reading the amplifier output.

Cell were exposed to sine-wave US bursts at 1 MHz central frequency,
500 cycles repeated every 50 ms, 0.1% duty cycle (DC), corresponding to
500 ps pulse duration (PD), and 20 Hz pulse repetition frequency (PRF).
US generated an acoustic pressure of 0.72 MPa (17 W cm™?2 intensity), ob-
tained driving the transducer at 140 mV. The system was insonicated for
30s (corresponding to 600 pulses).

Optical set-up and imaging

Microscopy acquisition was carried out using an inverted Olympus iX73
equipped with X-light V1 spinning disk head (Crestoptics, Italy) and LDI
laser illuminator (89 North, VT, USA), using MetaMorph software (Molec-
ular Devices, CA, USA).

Fluorescent images of the wild-type HUVECs stained with immunofluo-
rescence were acquired with the CoolSNAP MYO CCD camera (TeleDyne,
Photometrics, AZ), while fluorescence real-time acquisition of genetically en-
gineered HUVECs was performed with the Prime BSI Scientific CMOS (sC-
MOS) camera with 6.5 ym pixels (Photometrics, AZ, USA). Bright-field ac-
quisition of MBs dynamics was carried out using an Evolve EMCCD camera
(Photometrics, AZ, USA) at 1ms exposure time.

In IF assays, the endothelium was stained for VE-cadherin, actin and
DAPI, as in Fig. 5.7. Sampling was performed an with Olympus 20x air ob-
jective (NA = 0.45) to ensure a sufficient resolution for the interendothelial
gaps analysis. The whole VC does not fit the field of view at this magni-
fication. Therefore, several separated portions of the sample were captured
and then stitched with Image J software by Fiji [414], in order to obtain a
view of the entire endothelium. The acquisition in tiles guaranteed enough
overlap to reconstruct the whole image. On the other hand, fluorescence
live-imaging of the endothelium was performed during the whole experiment
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Figure 5.7: Examples of fluorescence microscopy acquisition of the vas-
cular channel. The specimen was subdivided in tiles, each one acquired with
different colour channels. A. VE-cadherin; B. Actin; C. Cell nuclei; D. Merging of
the three channels for the same portion of the vascular channel. Image from [29].

on a single field of view of the VC. Time-lapse recording was carried out at
800 ms exposure time, with a time interval of 800 ms.

The three dimensional reconstruction of the channel (Fig. 5.9B and C)
was obtained by acquiring 20x confocal Z-stack images of the endothelium
(stained for VE-cadherin and cell nuclei) with the Prime BSI Scientific CMOS
(sCMOS) camera and processing them through the Imaris software (Oxford
Instruments, UK).

Microbubbles

SonoVue® (Bracco Research, Switzerland) were employed for the present
investigation. They were chosen as their dynamics is well-known and their
response to exposure to US is characterised in detail in Marmottant et al.
[240].

SonoVue® suspension was reconstituted in 5ml solution of 0.2% NaCl
(2 x 108 — 5 x 10® MBs ml™!, according to manufacturer’s instructions).
For USMB-mediated cavitation experiments, this preparation was diluted
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to the concentration of 2 x 10" — 5 x 10" ml~! in culture medium enriched
with 2% HEPES buffer solution, in order to obtain 1 : 1 cell-to-bubble ratio
[415, 416], in a 5-ml syringe. SonoVue® solution was then injected in the
vascular channel at the flow rate of 1 gl min—! with the aid of a syringe pump,
prior to US insonation.

USMB-mediated cavitation experiments

USMB-mediated cavitation experiments were performed upon endothelial
maturation, exposing the system to US in presence (USMB) or in the absence
(US only) of MBs.

The experimental set-up is shown in Fig. 5.6. The microfluidic platform
was placed and secured at the bottom of the insonation chamber, before filling
it with previously warmed up deionised Milli-Q water. The system was then
mounted onto the microscope stage. Throughout the overall duration of the
experiment, water temperature was constantly monitored and maintained
at 37°C with a PID (proportional integral derivative) thermal controller.
The vascular channel was continuously perfused with culture medium en-
riched with 2.5% HEPES. Initially, the flow was maintained at the rate of
25ul min~!, while cells were let adapt to the new conditions for 30 minutes
(thermalisation step). During this phase, cell were monitored through time-
lapse recording. Afterwards, SonoVue® suspension was injected into the
microchannel and the flow rate was slowed down to 1 pul min~—!. This was
done to match microvessel physiological conditions and to guarantee a suf-
ficient MBs residence time over the vasculature, considering flow velocity in
relation to the channel cross section in blood vessels compared to our mi-
crofluidic system. Capillary diameter typically lies in the range of 5 — 20 pm,
with physiological shear stress ranging from 1 to 12dyncm=2. In a 10-mm-
diameter capillary, a shear stress of 10dyncm ™2 corresponds to an average
flow velocity V. = 1.25mms™! [417]. Since our device microchannels have a
cross section of S = 100 x 200 um?, it can be calculated that the same physi-
ological shear stress (10 dyn cm™2) is obtained at the flow rate of 25 ul min=1.
This value, however, corresponds to a flow velocity of V; = 20mms~!, more
than ten-fold higher compared to actual microvessels (V, = 1.25mms™1).
Therefore, keeping the MBs flowing at the same rate would have not repro-
duced the physiological conditions, leaving too short transit time for the MBs
to produce the same effects on the endothelium. This contrast was resolved
by slowing down the flow rate uniquely during the insonation period, in or-
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der to reproduce capillaries conditions and to ensure a sufficient MBs transit
time within the vascular channel.

When MBs reached a suitable concentration within the channel, insonation
was started and stopped after 30 seconds. In the experiments with wild-
type HUVECs, in order to evaluate gap opening upon exposure to US, the
device was extracted from the chamber immediately after the end of the
insonation and fixed with PFA under chemical hood. On the contrary, in
order to evaluate the recovery phase, the microfluidic platform was placed
back in the incubator after insonation and re-exposed to physiological levels
of shear stress at the flow rate of 25 pulmin~"! for 45 minutes; afterwards,
the endothelium was fixed with PFA and stained. In the experiments with
genetically modified HUVECs, confocal fluorescence microscopy time-lapse
recording was performed throughout the whole experiment to evaluate VE-
cadherin dynamics. Immediately after the end of the insonation, the flow
rate was re-set at 25 ulmin~! without moving the system for 15 minutes, in
order to follow the interendothelial gap dynamics and recovery.

Interendothelial gap analysis

Interendothelial gap analysis consisted in the measurement of gap number as
well as of their total and mean areas in terms of pixels. For this purpose, a
self-customised image analysis code was written, able to extract quantitative
information from the acquired images.

The analysis protocol comprises two steps, carried out with Image J soft-
ware by Fiji [414] and MATLAB Image Analysis Tool (Mathworks, MA,
USA), respectively.

Initially, interendothelial gaps were visualised in the global image of the
endothelium with Image J, as in Fig. 5.8A. The first part of the analysis relied
on the manual identification of the gaps, as VE-cadherin pattern interrup-
tion at interendothelial junctions. Two-dimensional rectangular regions of
interest (ROIs) were selected within the image of the endothelium, manually
centring each of them on a single gap, as depicted in Fig. 5.8B. A TXT file
was obtained as output of this selection process, listing each ROI with their
coordinates, width and height. For each experimental condition, these files
and the corresponding frames (TIF images) were then processed with the
self-customised code. Using the information contained in the TXT file, the
program crops the ROIs from the TIF image and equalises them for better
contrast. Then, the resultant images are binarised through a thresholding
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method, consisting in identifying all the ROI pixels above a given cut-off
value as "signal", i.e. part of the gap. Connected "signal" pixels are then
considered part of a single blob, which is identified as the interendothelial
gap. Should the program detect more than one blob (i.e. distinct groups of
connected pixels) within a single ROI, it calculates the centre of mass of each
found blob. Then, it identifies the closest blob to the centre of mass of the
image as the interendothelial gap, as shown in Fig. 5.8C. Hence, the code
extracts quantitative information from the identified gaps, i.e. their number,
the distribution of gaps number vs gap area, as well as the total and mean
gap areas, returning the relative graphs, which allow to compare the different
experimental conditions.

In the current image analysis approach, areas are measured and expressed
in pixels. For USMB experiments with wild-type HUVECs (results reported
in Fig. 5.11 and Fig. 5.12), acquired with Myo Camera at 20X magnifica-

Figure 5.8: Interendothelial gap analysis procedure. A. Portion of the vas-
cular channel acquired through fluorescence microscopy. B. Cropped image from
(A), where the interendothelial gaps are identified and manually selected in Image
J through rectangular ROIs. C. Same image as in (B), after code processing. In the
TIF image, the code identifies the gap contained in each ROI and its boundaries.
Image from [29].
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tion, 1 pixel = 0.22x0.22 um?. For interendothelial gap dynamics (Fig. 5.15),
sampled with Prime BSI Scientific CMOS (sCMOS) camera at 20x magni-
fication, 1 pixel = 0.325 x 0.325 ym?. There is no a minimum number of
gaps required for the analysis, since statistical significance is evaluated by
comparing the different experimental conditions with the control. Hence, all
the identified gaps were included in the analysis.

For USMB experiments with wild-type HUVECs, the two conditions "US
only" and "USMB" were compared with each other and with the control con-
dition (i.e. untreated endothelium). In the USMB experiments with genet-
ically modified HUVECs, the evaluation of VE-cadherin dynamics was also
carried out over time. Five time points were thus chosen and analysed for US
only and USMB conditions: at the beginning of the experiment ("control"),
just before the starting of insonation ("pre-US"), at the beginning and at
the end of US exposure ("US on" and "US off", respectively) and 5 minutes
after the end of insonation ("Recovery").

5.2.2 Results and discussion
Characterisation of the microfluidic vascular model

A first blood vessel-on-chip model was obtained with wild-type HUVECs
[28, 29]. Within the microfluidic device, cells were grown under physiological-
like conditions, including continuous laminar flow exerting the same shear
stress as bloodstream in microvasculature. Endothelial barrier characteri-
sation was carried out, through the assessment of maturation features and
the evaluation of interendothelial junction organisation with immunofiuores-
cence assays. As depicted in Fig. 5.9A, after three days under physiological
shear stress cells acquired a polygonal shape and clearly formed a compact
monolayer, showing the cobblestone phenotype typical of a mature endothe-
lium [418]. Cell elongation in the flow direction was also evident, indicating
that cells could sense and respond to the mechanical stimuli exerted by the
shear stress. Figure 5.9A shows the immunostaining of VE-cadherin (red)
and F-actin (green), highlighting the formation of a cortical actin cytoskele-
tal network as well as VE-cadherin clusterisation at interendothelial junction
complexes. In particular, VE-cadherin organisation in a linear pattern along
the cell periphery is well visible. These characteristics indicated a confluent
mature endothelium in resting state.

Moreover, Z-stack confocal fluorescent acquisition (with VE-cadherin and
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Figure 5.9: The endothelium within the microfluidic platform, lining the
walls of the vascular channel. Cell maturation was evaluated through im-
munostaining of VE-cadherin (red) and actin (green). Cell nuclei are stained with
DAPI (blue). A. Fluorescence images of the endothelial monolayer showing full-
maturation characteristics. VE-cadherin is organised in a linear pattern at the cell
periphery, where contacts between adjacent cells take place. Actin interacts with
the interendothelial junctions, forming stress fibres and cortical filaments. Inset:
highlight of the barrier maturation traits. B and C. Three-dimensional rendering
of the vascular channel, obtained through Z-stack confocal acquisitions. B. Hori-
zontal section of the endothelial monolayer lining the channel wall. C. Orthogonal
view of a compound 3D figure, obtained by combining an horizontal section and a
diagonal cross section of the endothelium. Images adapted from [29].
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cell nuclei stained in red and blue, respectively) was used to evaluate HU-
VECs 3D organisation within the vascular channels. The obtained 3D ren-
dering of the microchannel is reported in Fig. 5.9B and Fig. 5.9C. The pic-
tures show that a single endothelial monolayer lines all the four walls of the
vascular channel, enclosing a 3D vascular lumen, as in actual microvessels.
Indeed, cells were grown and maintained at a flow rate of 25 ul min~!, which
was demonstrated to be optimal for the organisation of a functional endothe-
lium. Lower flow rate were already proven inadequate to allow proper tissue
maturation, while further increases provoked cell detachment from PDMS
[28].

The realised system was employed for investigations on USMB-mediated
endothelial permeabilisation.

Microbubbles injection and exposure to US

Upon endothelial maturation, the microfluidic platform was mounted onto
the customised insonation chamber described in § 5.2.1. Once the device was
secured at the bottom, in direct contact with the glass, the thermalisation
step was carried out.

Afterwards, SonoVue® were injected in the vascular channel and the flow
velocity was slowed down to 1 ulmin™!, to match the bloodstream velocity in
capillaries and ensure a sufficient residence time of MBs within the channel
(see § 5.2.1). After SonoVue® reached a sufficient concentration within the
channel, the insonation was started, according to the insonation protocol.

As a first step, MBs behaviour was investigated, in order to assess their
response to the acoustic field. Given the set-up of our system, we expected
MBs excitation not to be altered, but to follow the theoretical models re-
ported in Chapter 3. This is because the microfluidic device placed at the
bottom of the insonation chamber was immersed in distilled water. Since
PDMS acoustic impedance matches with water impedance, PDMS can be
thus considered acoustically transparent and US waves are not scattered at
the water/PDMS interface. Then, with good approximation, we expect the
acoustic field within the microchannels to be comparable to the one in the
aqueous free space outside the device.

SonoVue® distributed homogeneously to the top wall of the vascular
channel (due to buoyancy), as in Fig. 5.10A. Time-lapse recording showed
that US-induced radiation forces made MBs slow down and aggregate in
spaced clusters, as depicted in Fig. 5.10B.
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Figure 5.10: Microbubbles response to US-induced acoustic pressure. A.
Microbubbles injected into the vascular channel before insonation. They appear
as dispersed particles within the channel, distributed homogeneously. B. When
exposed to the acoustic field, MBs aggregate in spaced clusters. Insets show en-
largements of the encircled areas.

USMB-mediated bioeffects on interendothelial junctions

The insonation protocol is described in § 5.2.1. The endothelium was exposed
to the acoustic pressure of 0.72 MPa. Since inertial cavitation threshold in
these experimental conditions (fluid speed as low as 0.83 mms™!) lies at
0.86 MPa |28, 419], stable cavitation occurred in the system. Two different
conditions were investigated, i.e. US exposure with (USMB) and without (US
only) MBs. In this regard, the microfluidic platform design is advantageous,
as the presence of two VCs allows to investigate the two different experimental
conditions at the same time and on the same device. This implies testing
cells coming from the same seeding batch and that have undergone the same
growth conditions. To this aim, during the experiment MBs are injected in
one of the two VCs for the USMB condition while the other is exposed to
US only.

US exposure lasted 30 seconds. At the end of insonation, when the in-
terendothelial junction opening upon US exposure had to be evaluated, the
sample was removed from the insonation chamber and placed under the chem-
ical hood, where PFA was injected into the channels. Through this protocol,
the endothelium was fixed within 4 minutes from the end of insonation. On
the other hand, when the recovery of barrier integrity (i.e. gap closure) was
investigated, the endothelium was further exposed to 25 ulmin=* flow at 37°
for additional 45 minutes and then fixed. Afterwards, immunostaining of
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Figure 5.11: Interendothelial junction opening. The three conditions, i.e. US
only, USMB and control, were compared. A. Gap number VS gap area. B. Total
gap area opened. Areas are expressed in pixels; 1 pixel = 0.22 x 0.22 um?. Adapted
from [29].

VE-cadherin was performed. The images acquired through fluorescence mi-
croscopy were stitched into a single picture of the entire vascular channel.
Then, interendothelial gap analysis was carried out. As explained in § 5.2.1,
an initial manual selection of the ROIs was performed through Image J. The
TXT file containing the list of ROIs for each vascular channel and the corre-
spondent TIF image were then analysed through the self-customised image
analysis code, in order to quantify the opening of interendothelial gaps. Re-
sults are shown in Fig. 5.11, averaged for three samples for each condition.
The histogram in Fig. 5.11A shows gap number distribution VS gap area,
whereas total gap area opened for each condition is reported in Fig. 5.11B.
Both USMB and US alone conditions are shown to determine a notable in-
crease in the number of gaps and in the total opened area, compared to the
control (no exposure). Notwithstanding, this effect is significantly intensi-
fied in presence of MBs. Indeed, bars in Fig. 5.11B show an increase in the
total opened area by 130% and 360% for US alone and USMB conditions,
respectively |28, 29].

After 45 minutes from the end of insonation the endothelium state was
also assessed. Results are shown in Fig. 5.12, reporting the histogram of gap
number VS gap area and the total gap area (average on three samples for each
condition). Graphs highlight the total recovery of the endothelial integrity
after additional exposure to physiological shear stress, with the number of
gaps and their total area reverting to control conditions [28].
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Figure 5.12: Recovery of endothelial integrity. Gap number VS gap area
45 minutes after insonation for US only, USMB and control condition. The inset
shows the total gap area. Areas are expressed in pixels; 1 pixel = 0.22 x 0.22 ym?.
Adapted from [28].

The total closure of the interendothelial gaps for both conditions (US only
and USMB) is a significant indication of the reversibility of USMB-induced
bioeffects on endothelial permeability. It also highlights the intense dynamics
of interendothelial junctions, with VE-cadherin rearranging upon mechanical
stimuli.

In these experiments the recovery has been evaluated 45 minutes after
the insonation. However, indications exist that the gap closure can occur 30
minutes after the end of insonation [17]. It could be thus supposed that the
reversion of the USMB-mediated bioeffects might start even earlier than that,
on a time scale which is not totally clear yet. Therefore, the blood vessel-on-
chip system was adapted for following interendothelial junctions in real time.
This was accomplished by using genetically modified HUVECs expressing
fluorescent VE-cadherin. In this way, the entire dynamics of interendothelial
junctions can be monitored through fluorescent live imaging, following all
the events of gap opening and closure as well as the relative timing.

Realisation of the blood vessel-on-chip system for live-imaging

The blood vessel-on-chip system suited for live imaging was implemented
within the same device using genetically engineered HUVECs, manipulated
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A. Endothelial maturation under flow
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Figure 5.13: The blood vessel-on-chip system for live-imaging. Wide-field
fluorescence live imaging of the endothelial barrier obtained with genetically modi-
fied HUVECs, expressing fluorescent mRuby-tagged VE-cadherin. A. Endothelial
maturation under flow over the first 24 hours after seeding. Left panel: 4 hours
after seeding. No clear VE-cadherin organisation is detectable. Right panel: En-
dothelium after 24 hours maturation under flow. VE-cadherin is organised and
distributed along the cell periphery. B. Mature HUVECs monolayer, grown un-
der different flow conditions. Left panel: HUVECs in a 2D static culture. Cells
show polygonal shape without preferential directionality. Right panel: HUVECs
grown in the vascular channel under flow at 25 plmin~—!
levels of shear stress (10 dyncm™2). Cells display preferential alignment along the
flow direction, indicated by the white dotted arrow.

, exerting physiological
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as described in § 5.2.1. Briefly, a plasmid with a modified VE-cadherin
genetic sequence was inserted into the HUVECs using a viral vector. The
VE-cadherin produced through this gene is linked to mRuby, a kind of red
fluorescent protein with excitation and emission peaks at the wavelengths
of 558 nm and 605nm, respectively. Hence, the VE-cadherin produced by
these cells, its organisation and dynamics are clearly visible in real-time with
fluorescence microscopy techniques.

Once the cells were successfully infected, they were seeded within the mi-
crofluidic device, in order to obtain a confluent monolayer under the same
physiological-like conditions. FEndothelial maturation was monitored over
the first 24 hours after seeding through fluorescent time-lapse recording, re-
ported in Fig. 5.13A. When fluid flow was started (4 hours after seeding, left
panel), VE-cadherin signal was low and randomly distributed throughout cell
cytoplasm. This poor organisation suggested that interendothelial junction
complexes were not formed yet, in accordance with the early stages of the en-
dothelial culture. After 24 hours (right panel), VE-cadherin signal appeared
sharper and clearly distributed along the cell periphery. The protein also
showed an organised pattern, indicating the ongoing junction rearrangement
and formation process.

The shear stress influence on the endothelium was also evaluated, as
showed in Fig. 5.13B. Two different conditions were compared, i.e. cells
grown in a 2D static culture (no flow, left panel) and under physiological
levels of flow-induced shear stress in the vascular channel (10 dyn cm™2, right
panel). In both cases, VE-cadherin is well-organised at the cell borders and
the linear pattern prevails, along with the presence of plaque-like structures.
Cells within the static culture display a polygonal shape and a randomly-
aligned morphology. On the other hand, when maturation occurs under
physiological-like shear stress, cells acquire an elongated shape, aligning along
the flow direction [155, 345].

The similarity between wild-type and genetically engineered HUVECs in
terms of morphology, organisation and response to shear stress, was thus
confirmed.

USMB-mediated bioeffects on endothelial barrier dynamics: pre-
liminary results

Upon the validation of the live-imaging system, the same insonation experi-
ments were carried out for the two conditions, i.e. US only and USMB.
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The insonation chamber was modified so as to allow fluorescent mi-
croscopy to be performed. The bottom of the chamber was sealed with a
glass coverslip in order to reduce the total light path (constituted of the
175 um-thick glass coverslip and of the 1 mm-thick device glass) and match
with the working distance of the 20x objective. Real-time junction dynamics
was followed with confocal fluorescent time-lapse recording throughout the
whole experiment. Acquisition was started before the insonation to register
the behaviour and dynamics of untreated cells (control) and continued up
to 15 minutes after US exposure, in order to investigate cavitation-related
events over time. During the exposure to US, none of the most common op-
tical aberrations was detected in the acquisition. Indeed, chromatic aberra-
tions could not occur since only one wavelength was acquired, while spherical
aberrations are not visible in 2D acquisition. Moreover, no other distortion
was noticed.

Time-lapse recordings were then analysed for the evaluation of interen-
dothelial gap opening, through the manual selection of the gap-containing
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Figure 5.14: Gap number over time. The graph shows the number of gaps
opened at each time point for US only (blue) and USMB (purple) conditions, with
respect to the beginning of the experiment. Control: Beginning of the experi-
ment; Pre-US: prior to US exposure; US on: start of insonation; US off: end of
insonation; Recovery: 5 minutes after insonation. N=1 (preliminary data).
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ROIs and the self-customised image analysis code. Since this investigation
regards junction dynamics over time, five different instants were chosen for
the analysis of the time-lapse frames: the beginning of the recording ("Con-
trol"), just prior to US exposure ("pre-US"), at the beginning of the in-
sonation ("US on"), at the end of the insonation ("US off") and 5 minutes
after the end of US ("Recovery").

Results are shown in Fig. 5.14 and Fig. 5.15. The number of gaps,
Fig. 5.14, remains constant until insonation, consistently with the endothe-
lium having reached a mature configuration. After exposure to US for 30s,
the number of gaps increased significantly for both conditions. During the
recovery phase, their number tends to decrease, indicating their closure. A
similar trend is followed by the total and mean areas of the opened gaps,
reported in Fig. 5.15. Since US only and USMB conditions were evaluated
in distinct vascular channels, data were normalised to the relative control, to
account for the differences between the two samples. As it can be seen, expo-
sure to US in presence of MBs determined a notable increase in the opened
gap area compared to the US only condition. The successive reversion of the
phenomenon was also detected, as shown in Fig. 5.15A.

These preliminary results indicate the suitability of the system for the
investigation of the USMB-mediated effects on the endothelium and their
dynamics. The detection of a recovery dynamics already 5 minutes after
the end of insonation suggests that the time scale of these events might be
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Figure 5.15: Total and mean gap areas. Histograms showing the normalised
total (A) and mean (B) area of the opened gap over time, for US only (blue) and
USMB (purple) conditions. Control: Beginning of the experiment; Pre-US: prior
to US exposure; US on: start of insonation; US off: end of insonation; Recovery: 5
minutes after insonation. Areas are expressed in pixels; 1 pixel = 0.325 x 0.325 pm?.
N=1 (preliminary data).
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faster than previously stated, allowing the endothelial barrier to reacquire its
integrity shortly after exposure to US. It is probable that continuous rear-
rangement of interendothelial junctions occurs in response to the mechanical
stimuli triggered by the acoustic field.

5.3 GUYVs production through microfluidics

This last section is focused on the second microfluidic platform presented in
this project, for the production of GUVs as an experimental model of phos-
pholipid bilayer. Aim of this PhD project is the device realisation, with the
choice of a suitable geometry for the formation of a W/O/W double emul-
sion template and the establishment of the relative experimental protocol.
After assessing GUVs formation, vesicles will be initially visualised through
optical microscopy and measured. The final aim consists in optimising an
optical set-up and protocol for the successive thermal fluctuation analysis,
which will be performed to characterise some biomechanical features of the
phospholipid bilayer.

5.3.1 Experimental set-up
Hydrophilic treatment of the device microchannel

Before GUVs generation, the external microchannels and the second junction
of the device underwent a hydrophilic surface treatment, in order to stabilise
the vesicles to form [89, 420]. This was done using polyvinyl alcohol (PVA)
(87.0 — 89.0% hydrolyzed, M.W. approx. 31000 — 50000) (Fisher Scientific,
PA, USA). PVA solution was prepared dissolving PVA powder in filtered
Milli-Q distilled water (0.22 ym filters) at the concentration of 50 mgml™!. Tt
was gently stirred at 85°C for 30 minutes, in order to favour PVA dissolution.

To carry out the hydrophilic treatment, a drop of PVA solution was
poured onto the outlet of the microfluidic device, while empty syringes were
connected to I; and I3 inlets (see Fig. 5.2). Negative pressure was generated
with the syringe connected to I3, withdrawing PVA into the outer channel.
With the syringe connected to Iy, air was injected into the channel to pre-
vent PVA from flowing towards the coil, confining it to the second junction.
After wetting the PDMS walls with PVA| it was carefully removed through
air injection and the device was baked at 120°C for 15 minutes, in order to
fully dry it and increase the bonding strength of the coating.
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Solution preparation

Vesicles were composed of 1-palmitoyl-2-Oleoyl-sn-glycero-3-phosphocholine
(POPC) (Sigma-Aldrich, MO, USA). After weighing pospholipids in a glass
vial, they were initially dissolved in 1 ml chloroform (Sigma-Aldrich, MO,
USA), which was then dried under a stream of nitrogen while keeping the
vial at ~ 45° and constantly rotating it, in order to obtain a lipid film on its
walls. With the aim to completely remove any chloroform residue, the lipid
film was kept under vacuum overnight, afterwards, it could either be used
immediately or stored at —20°C. Solutions to obtain the W/O/W emulsion
were prepared as follows. The inner aqueous solution is composed of filtered
Milli-Q water and Pluronic™ F-68 (Gibco™, Thermo Fisher Scientific, MA,
USA), in 1:1 proportion. 0.05% Texas Red fluorescent dye (labelled dextran,
40 kDa) (Invitrogen, Thermo Fisher Scientific, MA, USA) was added to allow
the successive visualisation and identification of the formed GUVs. The oil
phase was obtained by dissolving the lipid film in oleic acid (Sigma-Aldrich,
MO, USA) at the concentration of 5mgml~'. The external aqueous phase is
composed of POPC lipids dissolved at 3mgml™! in a mixture of 2.85%v /v
Pluronic F-68, 14%v /v glycerol (Sigma-Aldrich, MO, USA),14%v /v ethanol
absolute anhydrous (CARLO ERBA Reagents S.r.1., Italy) and filtered Milli-
Q water.

In order to facilitate lipid resuspension, the oil and the external aqueous
phases were vortexed for 1 minute (at 25 Hz for the oil phase and 20 Hz
for the external aqueous phase) and then underwent 1-hour sonication bath
at RT. In particular, the external aqueous solution was sonicated before the
addition of its different components, immediately after lipid dissolution into
deionised water. The other reagents were added after the sonication bath.
This choice is justified by the fact that the ultrasound-induced heating can
cause molecular damages or allow collateral chemical reactions to happen
without control.

GUVs production through microfluidics

The three solutions were loaded into plastic syringes and connected to the
device inlets through Tygon tubes; each syringe was then mounted on a
syringe pump. A short Tygon tube was connected to the device outlet for
the collection of the formed GUVs into a 1.5-ml Eppendorf tube. The device
was finally placed onto the stage of a Observer Z1 inverted microscope (Zeiss,
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Germany).

Flows were started. The inner aqueous solution (I;) was flowed first
into the device, at the rate of 1.7 ulmin™", followed by the oil phase (I3) at
2.1 ylmin~'. Time was given for the two flows to stabilise within the device,
until the oil phase started shearing the inner aqueous phase at the first junc-
tion, generating a W/O emulsion flowing into the device coil. At this point,
the third solution (I3) was flowed at 70 gl min~, shearing the single emul-
sion at the second junction. The W/O/W double emulsion was thus formed
and collected. The process of W/O/W double emulsion formation leaves oil
residues within the phospholipid phase, due to the favourable interactions
between the hydrophobic molecules. Being oleic acid soluble in ethanol, the
emulsion was then incubated in its outer solution. Indeed, ethanol favoured
the extraction of oleic acid residues, leaving a well organised phospholipid
bilayer and finalising GUVs formation, as described in [390] and [89].

In some experiments, glucose at different concentrations was added to the
solution after GUVs formation, in order to monitor their variations. Glucose
powder (Sigma-Aldrich) was dissolved in filtered (0.22 ym filters) deionised
Milli-Q water, with the aid of magnetic stirring. Two solutions were prepared,
one at the concentration of 500 mM, and the other at glucose solubility limit
(0.13gml™!, according to manifacturer’s product information). The solutions
were added to formed GUVs directly into the Ibidi wells, immediately before
microscope visualisation.

Optical set-up

GUVs formation was monitored in real time through a Observer Z1 inverted
microscope (Zeiss), provided with the high speed camera FASTCAM Mini
UX100 (1280 x 1024 px CMOS sensor) (Photron, CA, USA). Images and
time-lapse recordings related to the formation process were acquired at 20x
magnification.

Sampling of the formed GUVs was performed using an inverted Olympus
iX73 microscope, equipped with X-light V1 spinning disk head (Crestop-
tics) and LDI laser illuminator (89 North), through 10x, 20x and 40x air
objectives and MetaMorph software (Molecular Devices).

For visualisation, GUVs were loaded onto a Ibidi u-Slide 8 Wells Chamber
(Ibidi, Martinsried, Germany) with a 180 um-thick polymer bottom. Both
fluorescent and phase contrast images were acquired with a Prime BSI Sci-
entific CMOS (sCMOS) camera with 6.5 um pixels (Photometrics) and then



5.3. GUVS PRODUCTION THROUGH MICROFLUIDICS 95

processed with Image J software. Time-lapse recordings were acquired in
phase contrast with 20x and 40X air objectives.

Measurement of vesicle size and size distribution

An image processing and analysis protocol was defined in order to measure
the size of the formed GUVs through MetaMorph software. For this pur-
pose, images acquired at different magnification (either 10x or 20x) and in
different experiments were used, as in the example of Fig. 5.16A.

A manual intensity threshold was initially applied to fluorescent images in
order to isolate the Texas-Red-containing GUVs and erase the background.
The thresholded images were then turned into a 8-bit binary mask, where
"signal" pixels (corresponding to GUVs) were assigned a value of intensity

A. Original images at different magnifications

B. 8-bit binary masks

Figure 5.16: Image processing and analysis protocol to measure GUVs
size. A. Either 10x (left panel) or 20x (right panel) images can be used to
measure GUVs size through MetaMorph software. B. 8-bit binary masks obtained
from the same images in (A) after thresholding and binarising. GUVs appear
as orange particles (pixel intensity = 255) while the black background has pixel
intensity value of 0.



96 CHAPTER 5. EXPERIMENTAL SET-UP AND RESULTS

of 255, while background pixels were equal to 0, as shown in Fig. 5.16B.
Then, a filter on objects area was set, excluding from the measurement all
the particles with area (in pixel) below 1000 or 2000 pixel for 10x and 20x
magnification, respectively (1 pixel = 0.65 x 0.65 um? for 10x magnification
and 0.325 x 0.325 um? for 20x magnification). This was done in order not
to take into account possible debris in the analysis. Comparing the obtained
mask with the original image, blurred GUVs were manually excluded from the
measurement. Hence, the radius of the identified particles could be measured
through the MetaMorph software, which, considering the pixel size for the
used CCD camera and magnification, returns each length in nanometres. In
particular, since not all GUVs appeared to have a perfectly round shape,
their equivalent radius was used for the quantification of their size.

Then, the normal distribution of GUVs diameters was calculated through
the MATLAB App Distribution Fitter. The Probability Density Function
(PDF), the mean value and the standard deviation of GUVs diameters were
obtained.

For the results reported in § 5.3.2, the diameters of 152 GUVs were mea-
sured.

5.3.2 Results and discussion

Microfabrication and hydrophilic treatment of the microfluidic de-
vice

The geometry of the microfluidic platform (Fig. 5.2) was designed through
CAD and the device was self-fabricated by soft lithography.
Before the experiment, the device was subject to a hydrophilic treatment.

® e

Figure 5.17: Hydrophilic treatment of the microfluidic device. The external
channel (blue) was coated with PVA before GUVs formation, in order to make
PDMS surface more hydrophilic and favour GUVs stabilisation.
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Since PDMS is inherently hydrophobic, unfavourable interactions can occur
between the PDMS walls and the phospholipid polar heads, resulting in the
formed GUVs destabilisation. The external channel was thus coated with
PVA, as shown in blue in Fig. 5.17. This treatment guaranteed the com-
plete wetting of the PDMS walls by the aqueous phase and prevented GUVs
rupture.

GUVs formation

GUVs formation was performed through the W/O/W double emulsion tem-
plate. Solution composition was found to be crucial for the proper inter-
actions among the different phases, as described in § 4.3. Texas Red, a
red-fluorescent dye conjugated with dextran with a molecular weight of 40
kDa, was encapsulated within the GUVs by adding it to the internal aqueous

First Coil Second junction
junction

50 um 50 um 50 um

Figure 5.18: GUVs formation within the microfluidic device. Sketch of the
core of the device geometry with the relative optical microscopy images acquired
during GUVs formation process. A. First junction, where the W /O single emulsion
is formed through the shearing of the internal aqueous solution by the oil phase. B.
Channel meander, where W /O droplets are stabilised and lipids organise around the
aqueous phase. C. Second junction. The intersection with the external aqueous
phase allows the addition of the second phospholipid layer for GUVs formation
through a W/O/W template.
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phase. Its size prevents this molecule to cross phospholipid bilayers, hence,
it allowed to observe the formed GUVs through fluorescence microscopy.
Upon solutions injection, the dynamics of GUVs formation was followed.
At the first junction, the internal aqueous solution was sheared by the oil
phase, eventually bringing to the detachment of a W/O droplet, as shown
in Fig. 5.18A. The flow rate of the solutions was shown to crucially affect
this step. Indeed, different tested combinations of flow rate values did not
allow solution shearing and droplet formation. Finally, flow rate values of
1.7 plmin~! and 2.1 gl min~! were set for the inner aqueous and oil phases,
respectively. Small variations from these values were also shown to influ-
ence GUVs size. The formed W/O droplet flowed through the channel
meander between the two junctions, as in Fig. 5.18B. This structure was

Figure 5.19: Fluorescent bright-field images of the formed GUVs. GUVs
stained with Texas Red acquired at 10x (A and B) and 20x (C and D) magnifi-
cations.
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shown to favour the organisation of a single phospholipid monolayer around
the aqueous droplet [27]. At the second junction, Fig. 5.18C, the external
lipid-carrying aqueous solution intersected with the flowing W/O droplets,
adding the external phospholipid monolayer. Flow rates in the range of
50 — 70 ul min~! successfully allowed the formation of the W /O /W, although
a rate of 70 ulmin~! guaranteed a higher GUVs yield. The formed GUVs
were thus collected. After the incubation for the extraction of oil residues,
they were visualised through optical microscopy.

GUYVs microscopy visualisation and size distribution

Once formed, GUVs were visualised through fluorescence and phase contrast
microscopy. Image acquired at different magnifications are shown in Fig. 5.19
and Fig. 5.20, respectively.

Fluorescence images were analysed as described in § 5.3.1 to measure
GUVs size and diameter distribution. Four images at different magnification
(three at 10x magnification and one at 20x magnification) from three dif-
ferent experiments were processed and analysed and the size of 152 GUVs
was measured. The normal distribution of their diameters is reported in
Fig. 5.21. The mean diameter was estimated to be 29.76 £ 0.39 ym, with a
standard deviation o = 4.81 + 0.28 um. In general, GUVs size was found to
fall within the range of 20 — 40 um, in accordance with the size of the two
flow-focusing junctions. An image analysis code is currently under develop-

Figure 5.20: Phase contrast images of the formed GUVs. Phase contrast
microscopy acquisition of GUVs at 40x magnification.
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Figure 5.21: GUVs diameter distribution. Normal distribution of the diam-
eters of formed GUVs, obtained through image processing and analysis of four
fluorescence images at different magnification (10x and 20x from three different
experiments). A total amount of 152 GUVs was analysed, with a mean diameter
of 29.76 £ 0.39 pum and standard deviation o = 4.81 £ 0.28 pm.

ment to automatically identify vesicle shape and measure their size, in order
to extract information about their physical features.

After GUVs formation, tests were made varying solute concentrations in
the external solution. This was aimed at evaluating the effect on membrane
behaviour, in order to find the best conditions for TFA experiments and bi-
layer biomechanical characterisation. For this purpose, glucose solutions at
the concentration of 500 mM and at its solubility limit were used, adding
them to the external solution after GUVs formation. Results are reported in
Fig. 5.22. As it can be observed, increasing glucose concentration progres-
sively exacerbated a peculiar membrane appearance, i.e. the thickening of the
outermost vesicle portion. Two possible explanations were hypothesised for
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Solubility limit

Figure 5.22: GUVs at different glucose concentrations. Upon GUVs forma-
tion, glucose solutions at different concentrations were added to the bulk solution
to evaluate the effects on the membrane behaviour. Phase contrast microscopy
images were acquired at 40x magnification. A. Untreated GUVs (no glucose ad-
dition). B. Addition of 500 mM glucose solution. C. Addition of glucose solution
at its solubility limit.

this phenomenon. A first hypothesis involves the possibility of bilayer dam-
age, as if the two leaflets tended to detach. Another explanation is related to
a water flux from GUVs interior to the external solution, possibly triggered
by the higher solute concentration. This might reduce vesicle swelling and
determine an increase in membrane fluctuation amplitude, so that a different
acquisition protocol may be required to detect the oscillations.

In general, optimisation of the microscopy set-up is in progress to carry
out thermal fluctuation analysis. In parallel, an image analysis strategy is
currently being designed for the standardised identification and extraction of
membrane boundaries, in order to measure their fluctuations over time. This
will allow the calculation of membrane bending rigidity modulus « (discussed
in Chapter 2, § 2.1.2 and § 2.1.3) and thus the characterisation of some
membrane biomechanical features.






Chapter 6

Conclusions and future
perspectives

Biological barriers impair the efficiency of currently employed therapeutic
strategies by hindering drugs from reaching their target site. The develop-
ment of drug delivery strategies to enhance their permeability has thus been
a goal of pharmaceutical research. Since barrier biomechanical features reg-
ulate their behaviour and influence their permeability, suitable experimental
in vitro models are necessary to recapitulate these characteristics and test
new therapeutic approaches in biologically relevant contexts.

In this light, this PhD thesis consisted in two different project lines,
employing microfluidics to develop experimental models recapitulating the
characteristics of two fundamental biological barriers. The first one (the
blood vessel-on-chip), part of an already ongoing work in our group, was
intended to evaluate the dynamics of interendothelial junction opening upon
USMB-mediated cavitation. The other one, which was developed ex nowvo,
was devoted to the high-throughput production of GUVs to be employed to
characterise some biomechanical features of phospholipid bilayers.

In the first project line, an endothelium lining the PDMS walls of the
device microchannels, forming a perfusable lumen, was obtained. Initially,
I contributed to the work in progress, based on immunofluorescence assays
to quantitatively evaluate the endothelial permeabilisation after exposing
the experimental system to US in presence or absence of MBs. In order
to obtain the endothelial barrier, HUVECs were grown under constant flow
exerting physiological levels of shear stress, which was proven to crucially
affect their maturation and morphology. The relevance of this mechanical
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stimulus was assessed through immunofluorescence assays, which highlighted
the proper organisation of junction complexes and the characteristic VE-
cadherin configuration in a linear pattern at the cell periphery.

This endothelial model system was employed to investigate the effect
of USMB-triggered stable cavitation phenomena, with linear MBs oscilla-
tion and the consequent generation of microstreaming and related shear
stress. Previous experimental evidence had already shown that this me-
chanical action induces the reorganisation of ECs junctions and the opening
interendothelial gaps [17, 250|. Hence, we developed a self-customised image
analysis code to quantitatively evaluate the number of gaps and their area
opened upon endothelial exposure to US in presence or in absence of MBs.
The opened gaps were visualised through immunofluorescence assays on cells
fixed immediately after insonation. Interendothelial gaps were manually se-
lected using rectangular ROIs which were successively processed through the
image analysis code. In the present work, attention was focused on the
gap area as the observable to quantify the effects of exposure to USMB on
endothelial permeability. For this reason, the analysis was performed on
2D fluorescence images. In the future, it will be of interest to carry out a
similar analysis on the 3D stacks of the endothelial barrier, so as to fully
appreciate junction rearrangements on the whole tissue. Moreover, we are
currently working on the code to implement the automatic recognition of
the interendothelial gaps. Results show that, although the exposure to US
alone already accounts for gap opening in the endothelium, the presence of
MBs significantly strengthens this effect, inducing an increase in the total
opened area by 360% compared to untreated conditions. Furthermore, the
recovery of the endothelial barrier integrity was investigated re-exposing the
endothelium to physiological levels of shear stress after the insonation. The
complete closure of the interendothelial gaps was found after 45 minutes.
On the basis of this result, we focused on the dynamics of these events, in
order to shed light on the time scale of interendothelial junction reorgani-
sation. The system employed initially was not suited for this investigation,
since the endothelium needed to be fixed for the immunofluorescence assays
to visualise the gaps. Hence, we adapted it for live imaging, by tagging
VE-cadherin with fluorescence. This part was developed ex movo in this
PhD project and was achieved through stable infection with a viral vector,
for the insertion of a plasmid for fluorescent VE-cadherin expression. Ge-
netically modified HUVECs were seeded within the microfluidic platform to
perform live-imaging-based investigations. Indeed, we were able to follow
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VE-cadherin dynamics over time, including during the endothelial matura-
tion stages, confirming the suitability of this model for real-time imaging.
The system capacity to reproduce a physiological endothelial barrier was as-
sessed on the basis of the morphological and structural similarities with the
previously characterised blood vessel-on-chip. The morphology of the en-
gineered ECs was observed, confirming their elongation and the alignment
of their long axis in the flow direction. In addition, VE-cadherin organised
in a linear pattern, demonstrating proper junction organisation and respon-
siveness of the endothelium to physiological shear stress. These observations
provided promising indications of the physiological behaviour of our system.
The functional characterisation of this model is currently in progress to con-
firm the integrity and functionality of the genetically engineered endothelial
barrier, through the assessment of its permeability, as described in § 4.2.1
(Fig. 4.5). After setting up the live-imaging system, USMB-induced sta-
ble cavitation experiments were performed while constantly monitoring the
endothelium through confocal fluorescent microscopy. Experiments are cur-
rently in progress, along with the concomitant optimisation of the optical
set-up and the image analysis procedure, to be adapted to the new dynamic
investigation. Preliminary results align with previous evidence, showing an
increase in the number of gaps and in the total area opened compared to con-
trol conditions. In particular, the presence of MBs seems to account for the
opening of larger gaps, compared to the US only condition. Indeed, gap area
seems to increase even after the end of insonation (Fig. 5.15B), possibly in-
dicating general and constant VE-cadherin rearrangements, triggered by the
USMB-mediated mechanical stimulation. Moreover, fluorescence time-lapse
recordings allow to detect the reversion of these biological effects already 5
minutes after the end of insonation, suggesting that the dynamics of gap clo-
sure might be faster than previously assessed. In fact, while the adaptation
of the system for live imaging was successfully accomplished, data collection
is in progress to evaluate junction dynamics in the two experimental condi-
tions, also in comparison with the previously obtained results (e.g. the trend
of gap number in Fig. 5.14, which appears to differ from Fig. 5.11). This will
also provide an accurate estimation of the recovery rate of the gaps.
Furthermore, the present investigation highlighted cavitation efficiency in
enhancing endothelial permeability. Most importantly, this effect is tempo-
rary and reversible, making the cavitation-based approach suitable for pos-
sible employment as a drug delivery strategy. In this light, microfluidic plat-
forms, like the one presented in this thesis, might be supporting tools for
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the development of clinical protocols taking into account the safety and the
potential hazard of tissue exposure to US (e.g. bleeding, apoptosis, necrosis).
This is also endorsed by the flexibility of these devices. Beyond physiological
models, they can be exploited to reproduce pathological microenvironments
(e.g. tumour-vasculature interface) and to test the interactions of drugs and
their carriers with the endothelial barrier.

The second PhD project line consisted in the realisation of a microflu-
idic platform for the production of an experimental model of plasma mem-
brane. The aim is to carry out investigations on its biomechanical properties,
through the measurement of the bending rigidity modulus, k. GUVs were
chosen as model system for their high biomimicry of natural membranes.
Hence, we developed and tested an experimental set-up for their production.
The W/O/W double emulsion template was chosen due to its easy imple-
mentation within microfluidic platforms and to its capacity to yield stable,
monodispersed GUVs [26]. The device geometry was thus optimised for the
double emulsion formation, thanks to the two consecutive flow-focusing junc-
tions. They allowed the controlled interaction of the immiscible solutions and
the consequent phospholipid organisation at the two interfaces between the
oil and the aqueous phases. The composition of the three solutions was also
tested and proven to be suitable for vesicle production. In particular, ethanol
was a key component for the final GUVs formation, as it determines the ex-
traction of oil residues from the bilayer. In other works, mixtures of organic
solvents, i.e. toluene and chloroform or tetrahydrofurane, have been used to
accomplish this step [26, 396]. The use of ethanol with oleic acid, reported
in [390] for the first time, avoids the use of toxic solvents and also makes the
produced GUVs biocompatible.

The high encapsulation efficiency provided by this method [26] was ex-
ploited to enclose dextran-conjugated Texas Red fluorescent dye within the
vesicles for fluorescence microscopy visualisation.

The dimension of the two flow-focusing junctions as well as the flow rates
of the oil and the external aqueous phases provided control over GUVs size. A
preliminary image analysis allowed to estimate the diameter of the produced
GUVs and the relative dispersion, through fluorescence images binarisation
with a thresholding approach and the successive measure of GUVs physical
quantities, including their radius. In particular, since GUVs did not always
show perfect spherical shapes, their equivalent radius was quantified in this
first analysis. The diameter of the formed GUVs ranged from 20 to 40 pm,
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with a mean value of 29.76 4+ 0.39 ym and a standard deviation o = 4.81 +
0.28 yum. An image analysis algorithm is under development to automatise
this measurement, identifying the fluorescent GUVs and characterising them
in terms of shape and size.

We are also planning to evaluate whether changes in solute concentration
in the formed GUVs solution can affect the movement of the phospholipid
bilayer and, hence, its fluctuations. Moreover, the optimisation of the opti-
cal set-up for phase contrast microscopy is currently ongoing. The aim is to
maximise the resolution of the acquisition for the successive thermal fluctu-
ation analyses, which will be performed. Along with this, we are setting-up
an appropriate image analysis protocol to isolate the vesicle contour (i.e.,
the phosphplipid bilayer) in order to easily measure its fluctuations from the
equilibrium position. Indeed, by recording and measuring membrane motion
over time, it is possible to extract information regarding the bilayer biome-
chanics. In particular, x is an important indicator of membrane rigidity and
resistance to variations from its spontaneous curvature. These biomechanical
features have been shown to play a key role in several cell processes involving
the membrane, such as endocytosis [58].

In conclusion, in this PhD project a new platform was developed, which
provides a valid tool for the high-throughput production of monodispersed
GUVs with adjustable characteristics. Possible future developments might
exploit the versatility provided by this system to better mimic membrane
composition in terms of lipids and embedded proteins, in order to measure
k in physiologically relevant conditions.
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