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Alla mia famiglia

La chimica e una cosa che serve a tutto.
Serve a coltivarsi, serve a crescere,
serve a inserirsi in qualche modo

nelle cose concrete.

Primo Levi
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Introduction

Chapter 1

Introduction

Nanotechnology is defined as the understanding and control of matter at dimensions
between 1 and 100 nm, where unique phenomena enable novel applications [1]. The concept
of a “nanometer”” was first proposed by the Nobel Prize for Chemistry Richard Zsigmondy,
who used this term for characterizing particle size and who was the first to measure the size
of particles such as gold colloids, using a microscope. Modern nanotechnology was the brain
child of Richard Feynman that, during the 1959, in his talk ““There’s Plenty of Room at the
Bottom”, described the possibility of synthesis via direct manipulation of atoms. The golden
era of nanotechnology began in the 1980s when Eric Drexler, inspired by Feynman’s
concepts, coined the term "nanotechnology”, suggesting in his book, “Engines of Creation:
The Coming Era of Nanotechnology”, the idea of a nanoscale word where it is possible to
place every atom where we want it to be placed [2]. From the 21st century to the present,
nanotechnology turned out a radically new way of producing to obtain materials, structures
and devices with greatly improved or entirely new properties and functions, offering
resolution to problems considered previously unresolvable. Therefore, it took a leading role

in all fields, pharmaceutical, cosmetic, food and engineering [3-6].

Recently, the fixed presence of nanotechnologies into the resolution of several diseases,
originating from alteration of biological processes at nanoscale level, leaded to the birth of
nanomedicine. The nanomedicine combines the innovation of drug delivery systems,
characterized by shape and size of nanometer scale, to health care, providing new promising
techniques to improve the efficacy of medical treatments and to prevent the patient safety.
In this regard, it is since 2005 that the European Technology Platform for Nanomedicine
(ETPN) proposed an important iniziative to increase the competitiveness of Europe in the
tield of nanomedicine, both in the academia and industry panorama, publishing “The
Strategic Research and Innovation Agenda” (SRIA). The SRIA document highlights the

potential of the current and future nanomedical products in the areas of therapeutics,
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diagnostics and regenerative medicine, to provide new and efficient solutions for health

care [7].

Following the approach of nanotechnology reality with that of medicine, it was possible to
design and develop several nanocarriers for the delivery of therapeutical molecules, as
evidenced by the numerous examples of research aimed at producing nanosystems that can
act as effective vectors for the transport and targeted distribution of drugs in the human

body [8, 9].

Specific attention is dedicated to the development of selective nanocarriers, that could
realize a targeted and controlled therapy. In fact, one of the most important challenges of
medicine is actually the possibility to treat acute or chronic disorders like cancer,
Alzheimer's, Parkinson's disease, cardiovascular or inflammatory problems, with systems
able to deliver the drug at specific sites and times, at required concentrations, in order to
avoid any damage to the surrounding healthy tissue and to improve the compliance of the
patient. During the last decades, these purposes were achieved through the appropriate
choice of nanomaterials and the processing of a variety of protocols and methods for the

synthesis, functionalization and application of nanovectors.

Due to their unique properties [10, 11], nanosystems show favourable physico-chemical
characteristics. For example, the reduction of volumes to the advantage of the exchange
surfaces allows them not only greater interactions with living cells, but also the overcoming
of the body barriers, such as blood-brain barrier or blood vessels. Therefore, when grows a
tumor mass, that is a proliferating site and is characterized by leaky bloody vessels,
nanovectors, thank to their smaller size, can easily arrive at the tumour site and release the
therapeutic agents there [12]. In addition, nano-sized systems have the ability to modulate
both the pharmacokinetic and pharmacodynamic profiles of drugs, thereby enhancing their

therapeutic index.

According to studies on nanoscale technology, although many sophisticated and advanced

nanocarriers for the delivery of drugs were investigated to date, liposomes remain one of
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the most promising nanosystems for clinical applications and represent a great promise in

the controlled drug delivery panorama [13-16].

Studied usually for the repackaging of traditional drugs, with the aim of obtaining an
enhanced therapeutic efficacy and safety over the existing formulations, liposomes exhibit
a wide range of recognized outstanding properties, such as good biocompatibility and
safety profile, low antigenicity and ability to target bioactive molecules to their site of action.
The liposomal structure also makes this type of nanocarrier particularly attractive and
versatile for applications in drug delivery, since lends itself to be variously modified and

engineered to respond to different endogenous and exogenous stimuli [17].

In light of this evidence, was possibile to realize multi-functional and multicomponent
systems through the combination of two or more distinct biomaterials, organic or inorganic,
into a structure that itself is still of nanoscale dimensions and whose medical effects are
superior to those that could be realized from any simple mixture of the individual
components [18]. Consequently, the combinatorial approach applied to the liposomes-based
technology can determin the design of new hybrid nanocomposites, with enhanced release
properties and stability [19], since the stability of carriers in the circulation is a desirable

characteristic for successful drug delivery to diseased tissues.

Besides, it is also recognized that being able to trigger the release of liposomal contents once
nanocarriers reached the target site, would lead to improvements in therapeutic outcomes.
Indeed, new strategies in liposomal research are gaining interest and some clinical trials,
based on the combination of different chemotherapeutic agents and stimuli-responsive
release approaches, were started [20, 21]. Due to this, liposomes can be used as triggered
nanocarriers through internal (e.g. pH variation, enzyme action) or external (e.g.
temperature, electric or magnetic field) stimuli. In this way, the release of loaded drugs can

be controlled and concentrated at the target desired [22].
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1.1 Liposomes

Discovered first, by chance, in the course of research on lecithin dispersions, as reagents in
blood coagulation [23], and become later prominent elements in the therapeutic field,
liposomes, among colloidal vectors of lipid origin, are the most versatile and studied
nanosystems for their potential benefits, not only in the medical but also in the cosmetic and
food sectors [24]. Already observed before of 1854 and subjects of the micrograph contained
in the volume of Otto Lehmann in 1911, that depicted a homogeneous dispersion of
multilamellar liposomes as "artificial cells", liposomes were first described in 1965 by Alec
Bangham and his coworkers [25]. The use of liposomes as drug delivery systems started
only in the '70s, when it was clear their ability to encapsulate and transport biologically

active compounds to the different districts of the human organism.

From the greek words "Atmoc" and "owpa”, that mean literally "fat body", liposomes are
spherical self-closed structures, consisting of phospholipids which in water arranged
spontaneously in double concentric layers of 4 nm of thickness, ordered and separated by

aqueous compartments (Figure 1.1).
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Figure 1.1. Scheme of unilamellar liposomes, with the hydrophilic head groups (green) of

phospholipids facing the water, and the hydrophobic tail groups (purple) buried within the
bilayer.
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Depending on the number of lipid bilayers, which composes the vesicles, and on the base
of their size, liposomes can be classified into the one of two categories: multilamellar vesicles
(MLV) and unilamellar vesicles (Figure 1.2). Multilamellar vesicles (MLV) have an onion
structure, characterized by five or more concentric layer, with a final diameter from 0.4 to
3.5 pym. In unilamellar liposomes, the vesicles have a single phospholipid bilayer sphere
enclosing the aqueous solution. Among unilamellar liposomes, it is possible also to

distinguish some kinds of vesicles for their diameter:

» small unilamellar vesicles (SUV), diameter range from 25 to 100 nm
> large unilamellar vesicles (LUV), diameter range from 0.1 to 1 um

> giant unilamellar vesicles (GUV), diameters equal to/or bigger than 1 um

SUV LUV GUV MLV
(<0.1 pm) (0.1 pm - 1 pm) (>1 pm) (>1 pm)

Figure 1.2. Liposomes classification by their structural properties.

The vesicle size is an acute parameter in determining the circulation half-life of liposomes,
and both size and number of bilayers affect the amount of drug encapsulated in the
liposomes [26]. The membrane composition and rearrangement determine their versatility
in the ability of carrying both hydrophilic and hydrophobic drugs in the aqueous lumen

and lipid bilayer, respectively, as well as in the possibility of protecting, as masking systems,
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the different incorporated therapeutic molecules from the surrounding environment or
tuning membrane permeability, with the application of opportune external stimuli [13, 27].
The remarkable structural analogy with the lipid bilayer characteristic of biological
membranes awards them the role of the simplest cellular model (Figure 1.3), besides a high

biocompatibility and biodegradability, as reported previously.

CELL MEMBRANE LIPOSOME MEMBRANE
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Figure 1.3. Representation of the structure of cellular and liposomal membrane.

Thanks to their innumerable properties and benefits, liposomes find wide use in the various
tields of science and technology, from the study of the cells membrane to the design of

complex drug delivery systems.
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1.1.1 Chemical composition

A clear advantage is the fact that the liposomal membrane is made of physiological
components, which decreases the danger of acute and chronic toxicity. Liposomes, indeed,
are generally constituted of naturally occuring polar lipid, such as glycerolipids,
sphingolipids and sterols. The net physicochemical properties of the lipids composing the
liposomes, such as membrane fluidity, charge density, steric hindrance and permeability,
determine liposomes' interactions with blood components and other tissues, after systemic
administration. Thus, liposomes composition should be carefully designed, in order to

maximize chemical and physical properties of liposomes formulations [28].

1.1.2 Phospholipids

As main components of cellular membrane, phospholipids have the characteristics of
excellent biocompatibility and are renowned for their amphiphilic structures. The
amphiphilicity confers self-assembly, emulsifying and wetting characteristics upon
phospholipids. Those are lipids containing phosphorus, a polar and non-polar portion in
their structures. According to the alcohols contained in the phospholipids, they can be
divided into glycerophospholipids and sphingomyelins. In particular, the backbone of
sphingomyelins, main components of animal cell membranes, is a sphingosine, while that
of glycerophospholipids, which are the main phospholipids in eukaryotic cells, is made of
glycerol [29]. Except for this main difference, glycerophospholipids and sphingomyelins

are very similar in molecular structure.

The polar head of a glycerophospholipid it consists of glycerol esters in which a hydroxyl
residue is esterified by a phosphoric group, while the other two “O-H” groups are bound to
various types of fatty acids. The phosphoric part, in turn, is esterified with hydroxyl groups
belonging to strongly hydrophilic molecules, such as amines, carbohydrates and amino

acids (Figure 1.4).
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Figure 1.4. Chemical structure of a glycerophospholipid.

Variation in the head group, such as the zwitterionic (at most pH ranges), cationic or anionic
character, leads to different glycerophospholipids: phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidic acid (PA),
phosphatidylinositol (PI), phosphatidylglycerol (PG), cardiolipin (CL).

Furthermore, the characteristics of the apolar part is used for the classification of
glycerophospholipids. The length and the saturation of hydrophobic side chains, the type
of bonding between the aliphatic moieties and glycerol backbone and the number of
aliphatic chains leads to dipalmitoyl, dimyristoyl, dioleoyl, distearoyl PC (Figure 1.5).

These aspects affect the overall lipophilia of the molecules.
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Figure 1.5. Chemical structures of selected lipids used in liposome preparation.

Various phospholipids are employed as important pharmaceutical excipients in different
types of formulations. For example, phosphatidylcholine is the most commonly used
phospholipid for liposome production and its main source is the chicken egg yolk or the

cheapest soy beans.

1.1.3 Cholesterol

In addition to the phospholipids, liposome bilayers may also contain other constituents such
as cholesterol. As a member of the steroid class, it has a carbon skeleton consisting of three
six-point rings and one of five, essentially a rigid structure that can bind several
substituents. The incorporation of cholesterol in the membranes induces different changes
in the bilayer properties. For example, cholesterol can reduces molecular surface area [30-
32] and membrane permeabilities [33, 34], varies lateral diffusion rates for both proteins and

lipids [35, 36] and widens gel to liquid-crystalline phase transition.

Also, in liposomes strucuture, one of the primary roles of cholesterol is to modulate the
physical properties of double lipid layer. Thanks to its ability of regulating membranes
fluidity, it reduces the permeability to water-soluble molecules and increases the stability of

the bilayer in the presence of biological fluids, such as blood or plasma. The capability to
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modify membrane plasticity can be explained by its placement within the bilayer (Figure

1.6).
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Figure 1.6. Arrangement of cholesterol molecules in the phospholipid bilayer.
The hydroxyl group is positioned in such a way as to be at the level of the bonds, which join

the fatty acid chains to glycerol. The hydrophobic part, instead, extends towards the internal

and apolar zone of the bilayer.
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1.1.4 Bilayer fluidity and permeability

Physicochemical parameters as temperature, pH, ionic strength and other factors, such as
the chemical structure of the lipid constituents and the presence of cholesterol, strongly
influence the physical state of the phospholipid bilayer. Liposomal membrane may exist in
different physical states, which are characterized by the lateral organization, the molecular
order as well as the mobility of the lipid molecules. This, in turn, affects the permeability of
the bilayer, which is a critical parameter when applying liposomes as drug delivery systems
as permeability influences the leakage of the delivered compounds. In liposomes there are
two extreme lipid phases, the so-called gel and fluid phases. In the gel phase (Lf3), also called
solid-ordered phase, the lipids usually arranged on a two-dimensional triangular lattice in
the plane of the membrane [37]. The hydrocarbon lipid chains display an all-trans
configuration and are elongated at the maximum, giving rise to an extremely compact lipid
network. Consequently, the lateral diffusion of lipids is reduced. Parameters such as the
nature of the polar head group and the presence of counterions, which affect the head group
conformation, may also influence the tilt of the lipid alkyl chains in the gel phase. For
example, while the hydrocarbon chains of hydrated phosphatidylcholines are tilted with
respect to the bilayers, the alkyl chains of hydrated phosphatidylethanolamines are
approximately normal to the plane of the bilayers [38]. In the fluid phase, also called liquid-
disordered (La) phase, trans-gauche isomerisation occurs giving rise to much less extended
lipid chains. Moreover, the two-dimensional triangular lattice is completely lost. As a result,

both the lateral and the rotational diffusion of lipids are favored.

The transition between the gel and fluid phases occurs at a specific temperature, called
thermotropic phase transition temperature (Tm). The phase transition temperature of a
membrane lipid, that is the temperature required for inducing the lipid melting from the L3
to the La phase, is depending on the nature of its hydrophobic moiety (acyl chain length,
structure and degree of unsaturation of the hydrocarbon chains and presence of a methyl

branch) and can be determined by using the differential scanning calorimetry technique.

11
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The presence of double bonds in acyl chain results to Tm decrement and fluidity increment.
The effect of the double bond on the temperature of the gel-to-liquid-crystal phase transition
was greatest when it was situated in the middle of the chain. The Tm of saturated
phospholipid bilayers is known to be proportional to the length of the alkyl chains, as by
increasing the length of acyl chain, the Tm increases.

The crystalline gel-liquid heat-reversing transition is a parameter of fundamental
importance for the assessment of lipid vesicles stability [39]. The transition from one phase
to another involves a series of micro and macroscopic effects; for example, from gel to
crystalline liquid phase the thickness of the membrane decreases. Consequently, the vesicles
are slightly smaller than those in the crystalline liquid phase, due to both the disorder of the
chains that can interdigitate, and the ingress of water molecules during the transition. In
fact, in the gel phase the chains are rigidly packed, in the crystalline liquid phase the latter
are free to rotate around the “C-C” bonds causing a high degree of conformational disorder.
For some membrane lipids, such as phosphatidylcholines, the lipid disordering occurs in
two steps when increasing temperature. A first transition is observed a few degrees below

the main transition temperature (Figure 1.7).

12
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Figure 1.7. Thermogram of hydrated film of hydrogenated phosphatidylcholine soybean (HSPC),
recorded at scan rate 5 °C/min, in the temperature range 30-70 °C.

This pre-transition may be due to changes in the proximity of the polar head group, such as
an increase of the interaction of the lipid head groups with the solvent. The lipids that

exhibit a pre-transition temperature, that is called ripple phase (P(3), are characterized by

periodic one-dimensional undulations on the surface of the lipid bilayer (Figure 1.8).
As this phase appears prior to the main chain melting, it must correspond to a partially

disordered lipid phase. For this reason, it was supposed that the undulations, observed on

the top of the lipid bilayers, arise from periodic arrangements of linear ordered and
disordered lipid domains [40].

13
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Figure 1.8. Schematic view on a triangular lattice during the melting process. Gel and fluid lipids
have different cross-sectional areas. Top: all lipids are in the gel state placed on an undistorted
lattice. Center left: some fluid lipids are randomly arranged in a gel matrix, resulting in lattice
distortion. Center right: the same number of fluid lipids is arranged in a line defect, which is
possible without lattice distortion. Bottom: all lipids are in the fluid state and are situated on an
undistorted lattice [41].

When the gel-to-liquid-crystal phase transition occurs, the membrane permeability reaches
a maximum. This increased permeability could be attributed to the following possibilities:
> defects caused by mismatched L and La phase hydrocarbon chain domains
> strong density and thermal fluctuations resulting in increased lateral membrane
compressibility, which lowers the energy barrier for molecules to pass through the
membrane, or to create defects.
This sharp increase in membrane permeability and Tm provides the possibility of
controlling the release of the liposome contents.
Alllipids have a characteristic Tm, so they exist in different physical states above and below
the Tm. Therefore, the fluidity of liposome bilayers can be altered by using phospholipids
with different Tm, which in turn can vary from -20 to 90 °C, depending upon the length and

nature (saturated or unsaturated) of the fatty acid chains (Table 1.1). In particular, the longer

14
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the hydrocarbon chains are long and saturated, the higher it will be their melting

temperature.

Table 1.1. Phase transition temperature of commonly used phospholipids [39, 42-44].

Phospholipids Abbreviation Tm (°C)
Soybean phosphatidylcholine SPC —20 to =30
Hydrogenated soybean phosphatidylcholine HSPC 52

Egg sphingomyelin ESM 40

Egg phosphatidylcholine EPC -5 to-15
Dimyristoyl phosphatidylcholine DMPC 23
Dipalmitoyl phosphatidylcholine DPPC 41
Dioleoyl phosphatidylcholine DOPC -22
Distearoyl phosphatidylcholine DSPC 55
Dimyristoyl phosphatidylglycerol DMPG 23
Dipalmitoyl phosphatidylglycerol DPPG 41
Dioleoyl phosphatidylglycerol DOPG -18
Distearoyl phosphatidylglycerol DSPG 55
Dimyristoyl phosphatidylethanolamine DMPE 50
Dipalmitoyl phosphatidylethanolamine DPPE 60
Dioleoyl phosphatidylethanolamine DOPE -16
Dimyristoyl phosphatidylserine DMPS 38
Dipalmitoyl phosphatidylserine DPPS 51
Dioleoyl phosphatidylserine DOPS -10

Presence of high-Tm lipids (Tm >37 °C) makes the liposome bilayer membrane less fluid at
the physiological temperature and less leaky. In contrast, liposomes composed of low-Tm
lipids (Tm <37 °C) are more susceptible to spontaneous leakage of drugs encapsulated in

aqueous phase, at physiological temperatures.

The fluidity of bilayers may also influence the in vivo performance of liposome formulations,
in particular, the interaction of liposomes with cells: liposomes composed of high-Tm lipids
appear to have a lower extent of uptake by the cells of reticuloendothelial system (RES),

compared to those containing low-Tm lipid.

As mentioned above, the presence of cholesterol exerts a profound influence on the

properties of the lipid bilayers. In presence of cholesterol, liposome membrane can adopt an

15
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extra lamellar phase, called the liquid-ordered (LO) phase, which shares the characteristics
of both gel and fluid phases [45]. This phase resembles to the gel phase with less lateral
packing order and, at the same time, to the fluid phase with more packing order. The
incorporation of cholesterol into a solid-ordered lamellar phase disturbs the lateral
triangular lattice and, consequently, reduces the ordering of the lipid chains. Therefore, the
liquid-ordered phase displays both a lateral and a rotational diffusion that are close to the
ones of the liquid-disordered phase [46, 47], but a conformational order similar to the one
of the solid-ordered phase [48]. Concerning membrane permeability, liposomes in gel phase
are leak-proof in the absence of the cholesterol (Figure 1.9). At the opposite, in a liquid-
disordered lamellar phase, the rigid hydrophobic moiety of cholesterol is intercalated
between the lipid chains and favors a trans chain conformation [49], therefore liquid-
disordered and liquid-ordered phases can coexist in a same lipid bilayer [50]. For example,
a phase-coexistence between a cholesterol-poor liquid-disordered phase and a cholesterol-
rich liquid-ordered phase was experimentally observed for lipid bilayers composed of
phosphatidylcholine/cholesterol [51] and sphingomyelin/cholesterol [52] mixtures. In
addition, the existence of phase-separated zones in the lipid bilayers has a major role to play

in the engineering of "trigger release liposomes".

16
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Figure 1.9. Modification of the membrane properties after the integration of cholesterol molecules
in the phospholipid bilayer.

Because of this type of interactions, the presence of adequate amounts of cholesterol can

come to suppress the phase transition and the membrane can exist in the ordered liquid

phase over a wide temperature range [53].
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1.2 Evolution and applications of liposomes in drug delivery

Described for the first time in 1965 by Alec Bangham and his students, liposomes are

spherical vesicles known for their unique structure and properties. As a result, they became

one of the most used delivery systems in the pharmaceutical market. Nowadays, liposomes

represent versatile and advanced nanodelivery systems, for the packaging of a wide range

of novel biologically active molecules and for the rearrangement of traditional drugs,

aiming to enhance therapeutic efficacy and safety over the existing formulations. For

demonstration, in the Table 1.2 is reported a list of many approved liposomal products for

clinical applications and many others (e.g. ThermoDox, Stimuvax, Nyotran, Aroplatin,

Liprostin) are in preclinical developments or in clinical trials.

Table 1.2. Approved liposomes products on the market and associated clinical indications [54].

Year Approved Brand Name Drug Approved Indication
1986 Diprivan Propofol Anesthesia
1995 Abelcet Amphotericin B Aspergillosis
1995 Doxil Doxorubicin Kaposi's sarcoma
1995 Epaxal Inac':tlvated hepatitis Hepatitis A
A virus
1996 Amphotec Amphotericin B Aspergillosis
1997 AmBisome Amphotericin B Leishmaniasis
1997 Inflexal V Inactlvated. , Influenza
hemagglutinin
2000 Visudyne Verteporphin Wet macular degeneration
2000 Myocet Doxorubicin Metastatic breast cancer
2003 Estrasorb Estrogen Menopause
2003 DepoDur Morphine sulfate Pain management
2011 Exparel Bupivacaine Anesthetic
2013 Marqibo Vincristine Lymphoblastic leukemia

18
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To reach this condition, numerous modifications were made on the initial liposomal
structures, also known as "conventional" liposomes.

Indeed, despite their advantage of biocompatibility, biodegradability, versatility, relatively
easy preparation and a rich selection of physicochemical properties, conventional liposomes
performance [e.g. Ambisome, Amphotec and Albecet, commercialized for the therapy of
fungal infections (55, 56)] proved to be limited. In general, the first generation of liposomes
showed the difficulty in retaining some types of entrapped compounds in the inner core,
the inclination to fuse with other close vesicles (because of the unprotected lipid surface)
and moreover a profile release affected by the exposure to serum proteins. Hence, soon after
their discovery, liposomes became the protagonists of a continuous evolutionary process
aimed at overcoming these issues and developing optimized liposomal formulations as
vehicles in drug delivery but also for imaging agents, thus in their ability to perform
therapeutic and diagnostic functions. To overcome these issues, different strategies were
evaluated (Figure 1.10). First, to slow the liposomes fusion rate and to increase vesicles
stability and in vivo circulation time, the external surface area was functionalized [57-59]
and, as a result, PEGylation process led to the approvation of many therapeutic drug
formulations, including Myocet and Doxil for the cancer treatment [60-62]. Nevertheless,
polymer-lipid stabilized vesicles were further engineered to target their specific location,
improving in this way their selectivity for diseased tissues. Thus, different biomarkers and
ligands were chosen to decorate externally the bilayer [63-66]. The idea of combining
components of a different nature in the same system, as in the case of PEGylated liposomes,
involved the use not only of polymers such as polyethylene-glycol, but also of organic or
inorganic agents, resulting in promising hybrid liposomal carriers [67-70]. In particular, the
production of nanosystems that respond to different types of stimuli, internal and external,

turned out to be a successful strategy to control the properties and behaviour of liposomes.
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Figure 1.10. An overview of the discovery, development and evolution of liposomes since their
first report in 1965 [54].

The background and development of liposomes demonstrated, over the years, in different
fields such as medicine, immunology, diagnostics, cosmetics, ecology, cleansing and the
food industry, however did not soften the interest of research for these structures. The
statistical data obtained through the Scopus search engine (Figure 1.11) show indeed that

the number of pubblications in the last ten years are constantly growing.
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Figure 1.11. Graphical representation of the constant growth in number of publications related to
liposome technology, from 1970 to September 2018.

In this regard, this Ph.D. thesis aims to contribute to the bright future employment of
liposomes systems and to speculate optimistically about their spread in various disciplines,
manipulating the liposomal structure in a novel way, as reported in detail in the following

chapters.
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1.2.1 Triggered release

Nanomedicine mainly acts improving the efficiency of drugs to pathological sites with a
local release on the diseased tissues, reducing systemic secondary side effects for the healthy
tissues [13, 71, 72]. This process takes the name of targeted drug delivery and basically can

be achieved through three kind of way, as reported in the Figure 1.12:

> passive targeting
> active targeting

> triggered targeting

PASSIVE ACTIVE TRIGGERED
TARGETING TARGETING TARGETING

M a1 .
e s-:‘r, targeted internal-external
¥$*% nanoparticles Aot stimuli

endothelial cell tumor cell

Figure 1.12. Illustration of the targeted strategies: passive targeting, active targeting and triggered
targeting.

Passive targeting is based on the release of the drugs by the recognition of the diseased
tissue, based on the morphological differences between the healthy and the ailing tissues.

In the case of tumor cells, pathophysiological characteristics of cancers and their
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environment were exploited for passive targeting. In particular, the permeability and
retention (EPR) effect promotes the accumulation of nanomedicine drugs in the tumor site,
based on the presence of leaky intratumoral blood vessels. For example, Kaposi sarcoma is
a tumor type with fenestrated vasculatures [73] and, by convection and diffusion processes,
the passive directing of nanomedicine therapeutics into tumors can occur, without any
specific ligand attached to the surface of the nanocarrier. However, the passive targeting is
not sufficient to control the side effects of cytotoxic drugs and fully exploit the benefits of
targeted delivery, because of the heterogeneity of the diseased tissues [74] and the increased
interstitial fluid pressure of tumor cells [75]. Instead, the active targeting is based on the
functionalization of nanoparticles surface, using appropriate receptor ligands that react
with specific site of the disease (for instance, the antigen for an overexpressed receptor on
the tumour cell membrane). A wide range of ligands can be used, including small molecules
such as folic acid and carbohydrates, or macromolecules such as peptides, proteins or
antibodies. The ligand must allow binding to the target diseased cells, while minimizing
binding to healthy cells. Moreover, a prolonged circulation of the drug is vital to avoid
unwanted interactions with serum proteins or the immune system [76]. However, actively
targeted nanoparticles delivery can enhance drug retention in the tumor, due to increased
cellular binding, minimize non-specific uptake and, also, circumvent mechanisms of
resistance from biological barriers [77].

The last method to achieve a drug release consists in the use of an endogenous or exogenous
stimulus to trigger the release of the drug in a determined target site. Stimuli-responsive
systems act in response to physical, chemical or biological triggers, that promote release of
drugs by modifying the structure or conformation of the nanocarrier. The advantage of
using stimuli-responsive systems is that the drug, previously loaded into the nanocarrier, is
released through a trigger, thus it is minimized the exposure of the surrounding healthy
tissues to the pharmaceutic molecules. Liposomes are particularly suitable for this type of
drug delivery [78-80]. Generally, successful examples of stimulus-responsive drug delivery

approaches include changes in environmental conditions, as redox potential, pH, osmolality

23



Triggered release

and temperature, conditions that are found in some diseases. For example, solid tumor
tissues exhibit some peculiar pathophysiological characteristics that can be appropriately
exploited for the selective delivery and release of drugs [81, 82]. Tumor cells, in fact, express
or overexpress often specific membrane receptors and have an altered redox potential.
Moreover, due to the high metabolism, solid tumors resemble an inflamed tissue with a
higher temperature and a lower pH than those of healthy tissues. Modified liposomes can
therefore take advantage of these characteristics to specifically release the drug into the
tumor mass. In this regard, a micro-environment, that serves as a trigger for drug release, is
the hypoxic area of tumors, exhibiting low oxygen pressure and poor nutrient levels. The
low oxygen level can be used for promoting release from redox-responsive nanocarriers [83-
85]. pH-sensitive liposomes, instead, stable in physiological condition (pH= 7.4), but
destabilized in acid environment such as tumor tissues [86], exploit pH variation for specific
site delivery [87, 88]. In detail, at the cellular level, the pH of intracellular organelles (pH=
6.5 - 7.2) differs from that of the cytoplasm or blood; hence pH sensitivity can either induce
the release of the transported drug into late endosomes or lysosomes, or promote the escape

of the nanocarriers from the lysosomes to the cell cytoplasm (Figure 1.13).
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Figure 1.13. Liposomal drug delivery system mediated by a pH variation of the cell, respect to the
physiological level.

Another kind of destabilization is the temperature increase (at temperatures higher than 37
°C), which can provide a phase transition of the constituent lipids and the associated
conformational variations in the lipid bilayers, enhancing the release of the transported

compounds (Figure 1.14).
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Figure 1.14. Activation of the liposomal drug delivery system mediated by the temperature
increase.

These kinds of nanocarriers are called thermosensitive liposomes [89, 90] and they can be
fabricated not only with phospholipids, but also with polymers as N-isopropylacrylamide
(NIPAM), that are able to contribute to the content release depending on the temperature.
Thermoresponsive drug delivery is among the most investigated stimuli-responsive
strategies, widely explored in oncology. Ideally, thermosensitive liposomes retain their
payload at the body temperature (37 °C) and rapidly deliver the drug within a locally heated
tumor (40-42 °C), to counteract rapid blood-passage time and washout from the tumor [90,
91]. Also, in the case of thermosensitive liposomes, the increase in temperature can be
pursued at the loco-regional level thanks to external stimuli mediated by microwave or
magnetic heating [92, 93]. Nevertheless, the slow response time to these stimuli and inability
to control drug release dosage, moved to prefer the application of extracorporeal physical
stimuli such ultrasounds [94, 95], magnetic [96] or electric field [97, 98]. The advantage of
these exogenous stimulations is that the stimuli are generated by machines protocols that

can be easily standardized to achieve regulated release [99].
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1.2.2 Magnetic field stimulus

Magnetic stimulus represents a potential trigger for the remote-controlled release of
compounds, thanks to the fact that has the major advantage of penetrating easily in the
human tissue without loosing any transmission power. Due to this, recently with the
technological progress, the use of magnetic fields to treat inflammatory and neuronal
diseases, of therapies and drug delivery systems for nanomedicine considerably increased
[100, 101]. The progresses in nanomedicine ranges from nanoparticles for molecular
diagnostics, imaging and therapy, to integrated medical nanosystems [102, 103] in order to
act at the cellular level inside the body. The advantage of using a magnetic field relies on
the different nature that the magnetic response can take, which can be a magnetic guidance
under a permanent magnetic field, a temperature increase when an alternating magnetic
field is applied, or both of them. Furthermore, in medicine there is the possibility of
performing magnetic resonance imaging and hence to associate diagnostics and therapy
within a single system, the so-called theranostic approach [104].

In the recent years, a great number of investigations were reported on exploiting the
combination of magnetic material with tunable physical properties and liposomes to
achieve the synthesis of systems triggerable by the magnetic field. Magnetic nanoparticles
(MNPs), based on iron oxide (maghemite y—Fe20s or magnetite FesOs), are widely used in
nanomedicine, both for their biocompatibility and superparamagnetic properties. The
selection of appropriate materials to produce magnetic particles is a very important subject.
Ferromagnetic materials, iron oxide (magnetite) for example, are magnetized strongly in the
direction of an external magnetic field and tend to retain their magnetization after the
external magnetic field remotion. This leads to aggregation of particles and increases the
risk of blood vessel thrombosis. But sufficiently small particles, less than 150-200 nm,
undergo drastic thermal fluctuations and loose magnetization and tendency to aggregate,
immediately after removing the external magnetic field. This phenomenon is called
superparamagnetism. This type of nanoparticles is currently being studied for diagnostic

and therapeutic applications. The MNPs, in fact, allowed to increase the ability to discern
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normal from the diseased tissue if used in magnetic resonance imaging (MRI). Imaging of
the liver, lymph nodes, bone marrow, spleen to finish with cardiovascular system, represent
some of the main clinical applications of MNPs, given their capacity to accumulate at
different sites of the human body, closely linked to their small size. In oncology, MNPs,
guided where the neoplasm is present, can oscillate under the action of a variable magnetic
field of appropriate intensity, thus generating heat until the critical temperature for survival
of the tumor cells. With this type of treatment, known as intracellular hyperthermia,
following repeated exposure to the alternating magnetic field, it is possible to obtain the
complete tumor regression [105]. The main advantage of this minimally invasive technique
is the ability to prevent unwanted heating in healthy tissues, because only MNPs absorb
and locate the energy supplied by the magnetic field. Though large-scale studies of
pharmacokinetics and toxicity of superparamagnetic particles of magnetite did not reveal
any acute or subacute damaging effect and their favorable properties, MNPs show some
undesidered effects such as: oxidative stress, unpredictable cellular responses and signal
response induction, alteration of gene expression and potential instability of iron
homeostasis. Due to their high specific surface area, nanoparticles have low energy barriers,
causing them to aggregate and achieve a stabilized state. Aggregation decreases the free
surface area of the nanoparticles, thereby reducing their adsorption capacity. Brownian
motion of particles further contributes to reducing their effectiveness. To overcome the
problems associated with aggregation, it becames extremely important to modify the
surface of MNPs for good balancing of high adsorption capacity and nanoparticle stability.
To this end, different surface modification approaches were attempted [106]. In this sense,
the inclusion of MNPs within phospholipid vesicles could represent a different and

interesting approach for improving, at the same time, their stability and reactivity [107].

Liposome-magnetic nanoparticle assemblies represent a promising route for designing
multifunctional therapeutic constructs. To prepare magnetoliposomes (MLs), the
superparamagnetic particles should be enclosed into lipid vesicles. The first

magnetoliposomes and the term itself were suggested by Margolis and colleagues in 1983
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[108]. Later, two different types of magnetic liposomes were studied, according to the MNPs
locationing in their structure. The first classical type [109] is represented by magnetic
spheres occupying the whole space inside of bilayer vesicles, thanks to a hydrophobic
coating (Figure 1.15, A). In this type of liposomes, the ratio of magnetic material to lipid is
very high. When large quantities of paramagnetic material are endocytosed into the
cytoplasm, the lipids can minimize the toxic effect [110]. However, these liposomes do not
have a space for drugs. Only compounds dissolved in the lipid bilayer or attached to the
surface of the bilayer can be loaded using this type of liposomes. The second type of
magnetoliposomes are vesicles of 100-500 nm, containing a suspension of very small
superparamagnetic particles with hydrophilic coating in the internal space filled with water
[111], (Figure 1.15, B). The advantage of this type of liposomes is the possibility to introduce
water soluble compounds inside the internal space of the vesicles, although their
magnetizability is not high because the magnetic moment of small particles is decreased

[112].
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Figure 1.15. Schematic representation of magnetoliposomes with hydrophobic (A) and
hydrophilic (B) MNPs, respectively in the bilayer and in the aqueous core.

Both types of magnetic hybrid systems, when composed of thermosensitive phospholipids
and magneto-heating mediators, show enhanced release of a model drug when exposed to
an external alternating current magnetic field (AMF) and negligible release without
exposure to the AMF [113, 114]. The release was essentially attributed to the magnetocaloric
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effect resulting in the liposome phase transition [96]. The heat generation efficiency of MNPs
heavily depends on the particle size and frequency of the external AMF, in particular, when
exposed to appropriate magnetic fields of proper strength (1-10 kA/m) and frequency (10-
100 kHz), MNPs embedded into liposomes are able to convert magnetic stimulus into heat,

either from hysteresis losses or from Neel or Brownian relaxation processes [115], (Figure

1.16).
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Figure 1.16. Release from magnetoliposomes induced by an external magnetic field of high

intensity.

The magnetically induced heat is transferred to the entire magneto-carrier, causing
temperature increases since tolerable hyperthermia (41-46 °C), with structural changes in
the lipid bilayer (from L to La phase), which may act as a smart trigger for the drug release
[116]. Despite the heat generation is the main pattern of AMF energy consumption, a
magnetic field can also induce vibration or rotation of iron oxide particles, hence the
oscillating MNPs can mechanically damage membrane of nanoscale actuators (e.g.
liposomes).

In particular, was proposed an alternative “magneto-mechanical” explanation to
comprehend magnetic controlled release: MNPs motions and oscillations induced by
external AMF could improve the bilayer permeability and it could contribute to the
magnetocaloric effect, allowing for cargo release. This hypothesis arises from the finding

that AMF-induced oscillation of MNPs was proved to be able to mechanically damage

30



Magnetic field stimulus

cancer cells in vitro [117]. The magneto-mechanical effect produced by the oscillation of the
MNPs was extensively addressed to find efficacy for triggering a mechanical disturbance to
the cells and therefore for inducing cell death in a non-chemotoxic way. It could find
application also for the control of drug release. In order to support this purpose, were
deliberately selected field frequencies and strength that are of several orders of magnitude
lower than those needed for the magnetic thermal approach. It will allow to reduce the
heating contribution of the MNPs in the AMF to negligible levels, with the objective to
evaluate the peculiarities and advantages of a non-heating action of MNPs in inducing the
release from the carrier. Via the application of an external magnetic field, the idea is to
induce a mechanical stress on the liposome membrane (Figure 1.17), thanks to MNPs
oscillations, at the same time avoiding the thermal-magnetic stimuli with such temperature
increases and magnetically induced eddy currents that can cause undesirable effects to the

surrounding tissues, limiting their clinical applicability [118].
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Figure 1.17. Release from magnetoliposomes induced by an external magnetic field of low

intensity.

In this regard, some studies suggested that, actually, after the application of magnetic fields
of low intensities (A/m), the magnetic-impelled motions drive to the destabilization of the
bilayer rather than the liposome phase transition or the destruction of the liposome structure

[119, 120]. The efficiency of this type of magneto-mechanical approach was further
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evaluated using structures defined high-transition temperature liposomes (high-Tm MLs),
therefore characterized by membrane that can exist only in the ordered state within the
physiological temperature interval and by neither spontaneous leakage nor thermal
responsiveness occuring up to 50 °C. In summary, was showed that high-Tm MLs,
including in the aqueous core MNPs, respond to a low amplitude magnetic field at
temperatures well below the Tm of the bilayer and that the content released from the high-
Tm MLs could be triggered repetitively by switching on and off the AMF until almost
completely depleting the carrier. The low-intensity AMF triggered release properties hence
demonstrated that the drug release from liposomes was due to reversible and controllable
permeability change of the bilayer, inducing by the MNPs mechanical stress on the

liposomes membrane, in the absence of heating [121].
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1.2.3 Electric field stimulus

Another challenging way to activate release from liposomes vesicles is the use of pulsed
electric fields, which can be considered a useful external stimulus to trigger drug delivery
from the carrier and, simultaneously, to achieve the uptake from permeabilized cell
membranes as target [122]. Low electric fields (typically about 1 V) can be used to achieve
pulsed or sustained drug release through a variety of actuation mechanisms [98, 123].

One of these mechanisms can be an oxidizing voltage activated by the splitting of a vesicle
membrane into smaller organelles, like micelles, releasing the cargo and then reassembling
on the application of a reductive voltage [124]. For example, iontophoresis, which uses an
electric field to enhance the transdermal delivery of charged compounds, is a particularly
versatile approach [125, 126] and was recently applied to various types of nanoscaled
systems, including liposomes containing insulin [127].

Recently the research on electropulsation technique, which causes the formation of pores in
cells membrane, increasing its permeability to molecules that otherwise can not cross them
(Figure 1.18), significantly improved the practice of medicine by the use of electric pulses of
shorter duration (nanosecond) and higher intensity (in the order of MV/m), which allows to
directly interact with internal cell organelles (nucleus, endoplasmic reticulum,
mitochondria) [128-132] and, also, with the plasma membrane [133, 134].

The in vitro applications on eukaryotic cells, exposed to nanosecond pulsed electric fields
(nsPEFs), highlighted how the plasma membrane is more affected with longer pulses than
with short pulses, leading to the best uptake of dye molecules after applying single pulses
[135].
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BEFORE PEF PORATION AFTER PEF

Figure 1.18. Schematization of drug cellular uptake mediated by electropermeabilization of the
cell membrane next to the application of the electric field.

Other works showed a release of calcium independently of intra-cytoplasmic membrane
calcium channels, which was directly linked to the destabilization of organelles envelopes
by pulses shorter than 100 ns [136]. One important aspect is the cell viability after the
application of nsPEF. Because of their very short duration, nsPEFs do not transfer a large
energy to the sample and, thus, the observed effects are probably non-thermal. Anyhow,
the destabilization of the cell membrane could cause, depending on the duration and pulse
intensity, the cell death. It was demonstrated that for very high intensities of 300 kV/cm and
duration of 300 ns, apoptotic phenomena were observed on up to 90% of cell population in
less than 10 min following the application of the pulses [137]. Despite of this, reducing the
pulse duration to 10 ns or less with intensity in the order of kV/cm, cell membrane could be
destabilized without causing cell death [134]. At this regard, was investigated the effects of
4 ns electric pulses duration with intensity of 10 MV/m at 1 kHz of repetition rate and a loss
of the mitochondrial membrane potential and a plasma membrane permeabilization was
observed, possibly due to the permeabilization of the inner mitochondrial membrane by the
nsPEF application [133]. The ability of nsPEF to interact with small internal structures and
the similarity of the cell and liposome membrane were the starting points for investigations
of nsPEF applicability in drug delivery, using liposomes of small dimensions respect to the

cells [13, 138]. Due to the present research activity on the use of electroporation of cells for
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different medical applications, the use of nsPEF for potential drug delivery applications can
be a promising technique, because it might allow the on-demand release of drugs
encapsulated in a nanocarrier (e.g. liposomes), by the application of an appropriate electrical
stimulus. In turn, the electric signal allows controlled release and uptake of drugs from
liposome to the cell, thanks to the accumulation of charges on both sides of the plasma
membrane and consequently the formation of an induced transmembrane voltage (TMP),
which causes the pore formation and the drug uptake. Previous works analysed the effect
of nsPEFs on liposomes characterized by giant dimension [139, 140]. Unfortunately, this
kind of liposomes can not be used for drug delivery applications, because they could be
recognized as external agent by the immune system with a consequent systemic reaction
from the body [141]. In fact, in order to realize a succesfull on-demand drug delivery and to
determine a controlled interaction with the biological tissue [136], not only the choice of
nsPEF characteristics is important, but also is essential to consider the dimensions of the
drug delivery systems. In this regard, a previous study focalized on numerically applying
nsPEFs on a biological cell, containing a nucleus and small internalized liposomes,
demonstrated the selective electropermeabilization of liposomal and plasma membrane
[142]. Lipid vesicles, characterized by different hydrodynamic diameters (from 50 to 500
nm), were placed in different positions into the cell, with different conductivities inside the
liposomes. Several durations (4, 10, 20 and 50 ns) of the applied nsPEFs were considered.

Another important issue to be considered is the simultaneous permabilization of liposomes
and cell membranes, in order to let the chemical load internalized in the vesicles to be
released inside the cells. A recent paper [135] numerically showed the possibility to achieve
simultaneous liposomes and cells electropermeabilization, placing liposomal vesicles
outside the cell. This arrangement can be promised for a potential liposomal drug delivery
system, because it is not necessary to wait for the penetration of liposomes into the cell to
obtain a targeted controlled release. Moreover, the analysis evaluated the influence of
liposomes diameter, which represents a critical parameter as a compromise between the

amplitude of the field and the immune system response. In fact, the dimensional difference
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between cells and liposomes is one of the main concerns to achieve a simultaneous
permeabilization of the two targets. According to Schwan’s equation at steady-state, which
is reported below, liposomes are permeabilized by higher intense fields, with respect to the
cells, due to the direct proportionality between the transmembrane potential (TMP) and the

radius (Equation 1.1).

TMP = f;ERcos(0) (1.1)

In this Equation 1.1, f; is a function which depends on membrane and extracellular medium
properties and f; = % for a spherical structure and physiological conditions; E is the external
electric field applied; R is the radius of cell or liposome structure and 0 is the angle formed
with the electric field direction. According to this TMP relation, the ratio between cell and
liposome radii Reu/Rip (which is typically around 100) determines the ratio between the
intensity of the electric fields able to porate the two structures. Schwan’s relation is valid in
static conditions and at low frequency values, for spherical structures. But the dimension
differences between cells and liposomes provide a variation of validity limits of the static
approximation in the frequency range. In particular, for cells the validity of static conditions
is for frequency values up to hundreds of kHz, while for liposomes is up to tens of MHz.
This difference is caused by phenomena occurring in cell, in the range of frequency from
hundreds of kHz to tens of MHz.

According to these results, is important to consider a second order model for the TMP

expression, that is related to the frequency value, as reported in Equation (1.2):

TMP(w) = f;(w)ERcos(0) (1.2)

So, the f_ # 3; and where other parameters become important [143, 144], such as membrane

and extracellular medium properties, so and it can be written as the equation below

(Equation 1.3), depending on the frequency value:
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where ;" = 0; + jwe;, with i which refers to extracellular medium (ext), internal medium (int)

and membrane (m).

In this way, the transmembrane potential behaviour in frequency domain is characterized
by two poles and two zeros, that depend on the exposed structures parameters (Figure 1.19,
B). For electric fields that have a frequency content up to GHz, is important to take into
account the dielectric dispersion of the cell/liposome compartments, while for electric field
characterized by a duration around 10 ns, the frequency content related has a first lobe at
100 MHz, so the B-relaxation phenomena are just occurred both for cell and liposome, as it

is represented in the Figure 1.19 (A).
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Figure 1.19. In (A) is shown the applied electric field characterized by a duration of about 10 ns,
with rise and fall time of 2ns and the spectrum content of the 10 nsPEF, with the first lobe at 100
MHz. In (B) is illustrated the different TMP as a function of frequency for cell and liposome
structure [145].
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In these cases, TMP values for cells and liposomes become comparable, leading to a
simultaneous electropermeabilization of the two targets.

The paper [145] focalizes the attention on the study of the dimension of liposomes
(comparing 100, 200 and 400 nm of diameter) providing a 200 nm diameter as the right
compromise, using a 12 nsPEF.

Moreover, through a microdosimetric model, in which are represented a cell and some
liposomes around it, the simultaneous poration of cell and vesicles membranes is achieved,

as it is shown in the scheme of the Figure 1.20.
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Figure 1.20. Concept of liposomal drug delivery system mediated by the nano-electroporation.

From these literature results, the conclusion is that, due to the frequency content of the
nsPEF characterized by a duration around 10ns, it is necessary to consider the influence of
sample parameters, such as conductivity and permeability of membrane, intracellular and
extracellular medium, in order to achieve an efficient electropermeabilization, consequent

delivery of compounds from liposomes and uptake through the cell membrane.
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1.2.4 Methods of liposomes stabilization

Besides liposomes great advantages, as high biocompatibility, biodegradability, toxicity and
antigenicity, due to the particular structure and composition of the phospholipid bilayer,
one of the major drawbacks in their use, as drug delivery systems, is the instability.
Therefore, to satisfy different therapeutic needs and aspects related to the formulation, after
their discovery, several generations of liposomes succeeded over time, as a result of multiple
manipulations of their composition and structure. The choice of the lipid as well as the
structural modifications, together with the optimization of the preparation methods,
allowed to obtain products with specific chemical-physical and biopharmaceutical
characteristics.

For example, since neutral liposomes tend to easily aggregate and sediment, the use of
charged phospholipids permitted to increase the stability of the formulation [146-148]. The
presence of a superficial charge determines, in fact, a strong electrostatic repulsion between
the phospholipid vesicles, which is opposed to their natural tendency to aggregate and their
subsequent sedimentation. A negative surface charge may also reduce the interaction of
liposomes with plasma proteins, since the latter generally carries a negative charge. The
choice of the charge of liposomes must be made based on the nature of the active substance
to be incorporated, on the possible interactions with the components of the biological fluids
and on the probable pharmacokinetic implications [149-151]. The changes in the lipid and
surface composition led, over the years, to the creation of increasingly stable and
particularly selective systems for specific tissues [152-155]. Indeed, changing parameters
such as size [156] and type of lipid, or introducing ligands as proteins, polysaccharides,
monoclonal antibodies [15, 157-161] with selective activity, able to recognize the
pharmacological targets, were strengthened important characteristics for the therapeutic
potential of biologically active molecules through the targeted distribution of the carrier
system. Moreover, liposomes structure favoured the possibility of making changes to the
external surface of the bilayer, bringing to the “stealth” or “long-circulation” liposomes, in

order to bypass the rapid elimination from the bloodstream of uncoated systems and to
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enhance their stability. In particular, polymers such as polyethylene glycol (PEG),
characterized by flexible hydrophilic chains, were grafted on the liposomes surface, forming
a protective shell able to prevent, due to steric obstruction, the access and binding of the
plasma opsonins on the vesicles surface [162]. In this way, the identification by the
endothelial reticular system (RES) is avoided, resulting in a prolonged stability of the
liposomes in the bloodstream, after the in vivo administration, with the possibility of passive
accumulation in other tissues and organs [163, 164]. A multiplicity of synthetic and natural
polymers, such as poly (amino acids), heparin, dextran and chitosan, were proposed to
replace the PEG [165-167]. Thanks to this approach, numerous formulations of sterically
stabilized liposomes were described for the delivery of one or more active ingredients [168-
170]. Despite the unquestionable benefits obtained in terms of drug delivery, passing from
uncoated liposomes to those characterized by the transformed external surface area, some
limitations prevent to fully exploit the potential of these carriers in the field of drug delivery.
Sterically stabilized liposomes, considered non-immunogenic initially, were subsequently
assessed able to provoke the immune response [171]. Furthermore, they may are linked to
the degradation under mechanical stress of the structure and to the increase in blood
clearance or unwanted side effects. Therefore, to be able to still consider the liposomes a
valid choice for the drug delivery, it is necessary to design and investigate new strategies
that allow to make chemical-physical changes on the system and to exceed the limits, further
extending the applicability in clinic. More recently, interesting results, in terms of physical
stability of the bilayer, were obtained following modifications of the internal liposomes
compartment, which aim, in particular, to convert the fluid core of the vesicle into a
viscoelastic hydrogel. Based on this assumption, were born novel hybrid nanosystems that
possess, at the same time, the characteristics of conventional liposomes, such as
biocompatibility and biodegradability and the viscoelasticity typical of the hydrogels.
Different terminologies, like supramolecular biovectors (SMBV) [172], lipid-coated
microgels [173, 174], lipobeads [175-181], gel-filled vesicles [182], lipogels [183, 184], gel-core

liposomes [185], microgel-in-liposomes [186], hydrogel-supported lipid bilayer [187],
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nanolipogels particles (nLG) [188], are known in the literature to refer to these hybrid
nanostructures, defined in this Ph.D. thesis Gel-in-Liposomes (GiL). This type of
formulation resulted from the possibility of inserting hydrophilic polymers also into the
aqueous core of liposomes, obtaining, after appropriate cross-linking, the structuring of the
polymer in a nanohydrogel of dimensions compatible with those of the vesicular core. It is
not difficult to understand how a polymeric network, physically and chemically stable, can
provide a valid internal mechanical support to the liposomal membrane, without altering
the vesicles structure in dimensions and morphology, mimicking the elastic protein network
of the cell cytoskeleton. The ideation of gelled core liposomes helps to improve the
mechanical properties and physical stability of the vesicles and, at the same time, to obtain
a variation of the release properties of conventional systems, thus increasing the therapeutic
potential of these carriers [19]. In fact, the implementation of the mechanical properties of
gelled liposomes results in the improvement of the stability system profile in terms of loss
of the trapped drug. A necessary condition for avoiding the premature release of the
vesicular content, is that the carrier must be stable and able to maintain its structure over
time and finally to resist, as a consequence, to the destabilizing action of any surfactants and
physiological proteins in vivo. The gelled liposomal vesicle may potentially remain intact for
longer, preserving the payload from undesirable leakage phenomena. In these structures,
not only the stability, but also the permeability can undergo variations. The presence of the
polymer could alter the thermotropic properties of the bilayer; the polymer, in fact,
according to its characteristics, could be interposed between the phospholipid molecules of
one or both layers, modifying the fluidity and permeability of the membranes and/or
increasing their stability in vivo. The useful combination of lipid and polymeric biomaterials
contributes hence to the development of versatile nanostructures, capable of carrying both
lipophilic and hydrophilic molecules, for which the release can also be slowed down by
diffusion through the hydrogel meshes. Through the gelation of the liposomal core and
alterations in the permeability of phospholipid bilayers it is possible, indeed, to obtain

nanostructures particularly attractive for applications in the drug delivery field, able to
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allow different release profiles. By using polymeric networks responsive to environmental
stimuli, it could be exploited the possibility to obtain innovative release modalities from
hybrid nanometer vesicles, as the "sponge-like", "poration" and "burst" type [189],

potentially useful for the controlled release of drugs.

GiL nanosystems can be realized through two different synthetic strategies:
> polymerization within liposomal nano/microreactor:
- thermal cross-linking;
- ionotropic cross-linking;
- chemical cross-linking;
> hydrogel / liposome mixing.
The first strategy is to use the internal core of the liposome as a chemical reactor for the

formation of hydrogel, after the polymerization process (Figure 1.21).
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Figure 1.21. Scheme of synthetic strategy polymerization within liposomal nano/microreactors.

The components necessary for the formation of the hydrogel are encapsulated within the
aqueous core of the liposome during the preparation of vesicles. Prior to crosslinking, to
avoid the polymerization reaction outside the liposome, the excess components are
removed by purification methods (gel filtration, centrifugation or dialysis) or by the
introduction of polymerization scavengers (ascorbic acid) into the extravesicles space. The

cross-linking of the polymer precursors is carried out. Finally, to remove the chemical
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species that did not take part in the reaction, the formulation is further purified by

centrifugation and/or dialysis.

The most common gelation mechanisms include both physical and chemical cross-linking
reactions. Some heat-sensitive polysaccharides, such as agarose [190] and k-carrageenan
[191], and some heat-sensitive proteins form a reversible gelled-core below a characteristic
temperature, which liquefies after heating. Moreover, charged portions of hydrophilic
polymers, previously encapsulated in the aqueous core of the liposome, can interact with
ions of opposite charge capable of diffusing through the phospholipid bilayer in the fluid
state, by means of an electrostatic attraction causing a cross-linking. This type of reaction
allowed to obtain GiL structures with hydrogel Ca?-alginate by gelation of the alginate in
the liposomal core, using a weak concentration gradient of Ca® ions [192]. Finally,
monomers of hydrophilic polymers, encapsulated in the aqueous core of the liposome, form
a strongly crosslinked hydrogel following polymerization, by UV irradiation in the presence
of radical photoinitiators [193, 194]. This type of reaction is the most used for the formation
of liposomal structures with hydrogel in the inner core [195-197]. The second strategy
consists in the formation of the double phospholipid layer on the surface of hydrogel
particles, previously prepared, following the mixing of hydrogel particles and liposomal
vesicles. In this case, the adsorption of the phospholipid bilayer is promoted through
“coulombian attractions” between hydrogels and lipids with opposite charges [198];
hydration of lipid films with a hydrogel suspension [199]; introduction on the surface of the
hydrogel of anchors which facilitate the assembly of adsorbed lipids [200]; centrifugation
[173]; microfluidic flow [201]; emulsion [186]. Finally, any free liposomes are removed by

centrifugation, ultrafiltration or dialysis (Figure 1.22).
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Nanogels Phospholipid vesicles
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Figure 1.22. Scheme of the synthetic strategy hydrogel/liposome mixing.

This method is supported by the high compatibility of hydrogel and phospholipid bilayer,
which underlines the spontaneously energetic formation of the gelled structures. Respect to
the polymerization within liposomal nano/microreactor, this synthetic strategy does not

allow to obtain hydrogels of nanometric dimensions.
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Chapter 2

Purpose of the research

The rational design of systems for controlled drug delivery is an important area of research
for advancing new therapies for many diseases. Nanomaterial based controllable drug
delivery platforms would overcome many of the major drawbacks in pharmacological
therapy, because they would store the therapeutic molecules during transportation within
the body and provide triggered and finely controlled release of the agent at the target site.
In this context, lipid vesicles as liposomes attracted, since their discovery, growing interest
for their potential applications as drug delivery vectors. They are now considered clinically
established nanometer-scaled systems for the delivery of cytotoxic drugs or agents for
biomedical applications. However, liposomes can be further engineered to improve their
performance in terms of stability and controlled delivery, since the rapid degradation, due
to the reticuloendothelial system (RES), and inability to achieve sustained drug delivery,
over a prolonged period, limit their biological efficacy and use in pharmaceutics.
Interesting results were obtained in terms of physical stability through the approach that
provides the combination of different biomaterials within the same delivery lipid system.
Following this concept, it was possibile to change the surface properties of the bilayer, by
coating it with water-soluble polymers, like polyethylene glycol, leading to “stealth
liposomes”. More recently, satisfying achievements resulted from the modification of the
internal structure of liposomes, with the aim to convert the aqueous inner core into a soft
and elastic hydrogel, obtaining structures able to retain the cargo for longer time, without
unwanted burst release of the delivered compound.

An ideal drug delivery platform should encompass not only the carrier stability, but also
controllable timing, dosage and site specificity of drug release, and permit remote, non-
invasive and reliable switching of the therapeutic agent, in order to prevent deleterious side
effects of cytotoxic drugs toward normal and healthy tissue. Much of innovations in

materials design, for drug delivery, manifest in producing “smart liposomes” that are able
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to respond to “smart triggers”, in order to realize on-demand processes, allowing for
tailored release profiles with excellent temporal and dosage control. In principle, the on-
demand drug delivery is becoming feasible through the design of stimuli-responsive
systems that recognize their microenvironment and react in a dynamic way. Specifically, it
is possible to engineere the liposomal structure making it capable of responding to physical,
chemical or biological triggers.

Among the endogenous or exsogenous stimuli that can be applied, magnetic stimulus
represents a potential trigger for the remotely-on demand release, evaluating that normal
biological tissues are essentially transparent to low-frequency magnetic fields. Through the
encapsulation of superparamagnetic nanoparticles, giving rise to the Magneto-Liposomes
(MLs), it is possibile to modulate the transmembranal drug diffusion by using an external
magnetic field with intensity significantly lower that no heat generation, harmful to healthy
tissues, is observed.

Another challenging way to activate release from liposomes is the use of pulsed electric
fields. In particular, since it was demonstrated that electric pulses of shorter duration
(nanosecond) and higher intensity (in the order of MV/m) directly interact not only with cell
membrane, but also with internal cell organelles of nanometer dimensions, nanosecond
electric pulses are proposed as sufficient signals to generate an alteration of the liposomal
transmembrane voltage, which is followed by the formation of temporary hydrophilic
pores. Without implying the phenomenon of irreversible poration, the nanosecond pulses
therefore can be considered useful external stimuli to trigger the simultaneous
permabilization of liposomes and cells membranes, in order to let that the chemical load

internalized in the vesicles to be released inside the cells.

In this scenario is placed the main activity of this Ph.D. thesis, whose aim is to provide a
multiscale and multidisciplinary approach to demonstrate the capability of liposomes to
prove effective smart systems for the on-demand and modified drug delivery, able to

minimize off-target effects and maximize programmability of therapy.
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Following a briefly overview of this Ph.D. thesis is given.

In Chapter 3 is reported the study which highlights the utility in trapping MNPs within
phospholipid vesicles, generating hybrid magneto-responsive constructs. Particularly, in
this work the inclusion of hydrophilic FesOs nanoparticles (MNPs) within phospholipid
vesicles, characterized by different rigidity and stiffness, was investigated as novel strategy
for improving stability and reactivity of these MNPs, since the integration in liposomes may
prevent MNPs from aggregation and extend their potential use in the environmental
remediation. The stability of these hybrid systems was indirectly investigated evaluating
the ability of retaining a fluorescent marker in their structure, under both mechanical and
thermal stress conditions. In particular, for the mechanical stress test, a low intensity non-
thermal alternating magnetic field (AMF) was applyed to magnetic liposomes. The AMF
could, in fact, cause a mechanical destabilization of the vesicle membrane, due to MNPs

oscillation within the liposomes, which may induce the release of the dye.

In Chapter 4, according to the results obtained in the previous work, shown in Chapter 3,
is presented the research project which combines engineering skills, specifically focused on
electromagnetic fields, with competences in synthesis and characterization of hybrid
magnetic nanocarriers, to assess a remotely on-demand drug delivery. Specifically, here is
refiled the possibility to trigger drug release from high-transition temperature
magnetoliposomes (high-Tm MLs) entrapping MNPs, through a magneto-nanomechanical
approach, where the mechanical actuation of the MNPs is used to enhance the membrane
permeability, avoiding temperature rise. Since the AMF, as an external magnetic signal,
found rare application in clinic, in this case, the ability of the non-thermal pulsed
electromagnetic fields (PEMFs), that are already employed in theraphy, due to their anti-
inflammatory effects, was tested, in order to verify if, once applied to high-Tm MLs, PEMFs

could be able to efficiently trigger the transmembranal drug diffusion.

68



Purpose of the research

In the Chapter 5 and 6 is illustrated another sophisticated and innovative drug delivery
strategy to activate an efficient on-demand release. Specifically, in Chapter 5 is reported the
theoretical work and the experimental proof-of-concept of the possibility of applying ultra-
short (ns) and intense (MV/m) external pulsed electric fields (nsPEFs), to remotely trigger
the release from liposomes of nanometer-sizing. The nanoelectropermeabilization, that
probably occurs with the formation of transient pores in the bilayer, because of the external
pulsed electric field enforcement, was evaluated in relation to the diffusion across the
bilayer of a probe, previously trapped in the core of liposomes. To support the experimental
data, a numerical model of liposomes suspension, exposed to nsPEF by means a standard
electroporation cuvette, was carried out according with the experimental conditions. In
Chapter 6 was demonstrated, once again, the possibility of permeabilizing the liposomal
membrane, applying the same type of pulses, described in Chapter 5, but, in this case,
delivered to the nanometer-sized lipid vesicles by a coplanar exposure system. Furthermore,
the electropermeabilization mechanism in liposomes membrane was investigated through
the Raman Coherent anti-Stokes spectroscopy (CARS), highlighting, for the first time, the
experimental proof of the role of water molecules of the interstitial phase in the

electropermeabilization of vesicles bilayer.

Finally, in Chapter 7 is described the project who leaded to the development of a novel
hybrid lipid-polymer nanocostructs, designed to merge the beneficial properties of both
polymeric drug delivery systems and liposomes in a single nanocarrier and at the same time
take care of liposomes limitations, such as the physical and chemical stability issues. Starting
from previous studies on the use of liposomes as template to create nanohydrogel, this
research brought to the novel Gel-in-Liposome (GiL) systems, relying from the combination
of lipid vesicles and the polymer polyethylene glycol-dimethacrylate (PEG-DMA) at two
different molecular weight. These hybrid systems are characterized by the presence of a
chemically crosslinked polymeric network within the aqueous compartment of liposomes.

The effect of PEG-DMA, on the properties of the new lipid-polymer nanosystems and on
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the related changes of the membrane permeability and stability, against different stresses,

were evaluated to understand GiL potential use as drug carriers in clinics.
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3.1 Abstract. In this work the inclusion of magnetic nanoparticles (MNPs) within phospholipid
vesicles were investigated as novel strategy for improving stability and reactivity of these
nanoparticles and extending their potential use in the environmental field. Two phospholipids, able
to form liposomes characterized by different rigidity and stiffness, were used as potential carriers of
MNPs. The magneto-responsive liposomes were investigated for their physicochemical and stability
properties. In particular, the stability of the two systems was indirectly investigated evaluating the
ability of the hybrid constructs to retain a fluorescent marker in their structure. Alterations in the
permeability of the membranes were determined by the rate of the marker release from the liposomes,

under both mechanical and thermal stress conditions.

Keywords: magneto mechanical trigger; magneto-responsive liposomes; stability; magnetic

nanoparticles; AMF; non-thermal magnetic field; permeability.
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3.2 Introduction

Over the last decades, nanotechnologies have received growing attention in different fields
of fundamental and applied sciences [1]. The reasons behind the wide interest raised by
nanoparticles have to be find in the appealing and unique characteristics exhibited by
nanostructured materials. In fact, both physical and chemical properties of materials change
significantly, sometimes abruptly, as their size approaches the nanoscale [2-4]. These
attractive characteristics of nanostructured materials are helping to considerably improve,
even revolutionize, several research areas, finding applications in different fields from
medicine to energy and environment. In the last case, nanotechnologies have been proposed
as valid systems for environmental sensing and monitoring, as well as chemical degradation
and remediation, among others. In this context, magnetic nanoparticles (MNPs) have
proved to be effective sorbents for removal of toxic pollutants, such as heavy metals, in
contaminated water [5, 6]. Due to their high surface-to-volume ratio and magnetic
properties, MNPs can adsorb on their surface various pollutants enabling their easy
separation from aqueous solutions by the application of external magnetic fields [5].
However, due to their high specific surface area, nanoparticles have low energy barriers,
causing them to aggregate and achieve a stabilized state. Aggregation decreases the free
surface area of the nanoparticles, thereby reducing their adsorption capacity. Brownian
motion of particles further contributes to reducing their effectiveness. To overcome the
problems associated with aggregation, it becames extremely important to modify the
surface of MNPs for good balancing of high adsorption capacity and nanoparticle stability.
To this end, different surface modification approaches have been attempted [7]. In this
sense, the inclusion of MNPs within phospholipid vesicles, also known as liposomes, could
represent a different and interesting approach for improving, at the same time, their stability
and reactivity [8]. The entrapment of MNPs within phospholipid vesicles generate hybrid
magneto-responsive constructs (magneto-liposomes, MLs) [9, 10], which may widen the
potential use of MNPs within the environmental field. In fact, on the one hand, the inclusion

in liposomes may prevent nanoparticles form aggregation; on the other hand, the various
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types of phospholipids (e.g. saturated and unsaturated) available for MLs production, offer
the opportunity for novel surface modifications leading to functionalized MLs, which may
open new perspectives in the use of MNPs for environmental remediation.
Magnetoliposomes have been extensively investigated in the pharmaceutical and
biomedical fields, as tools for both therapy and diagnosis [11].

Having in mind these informations, in this work, potential application of MLs for water
decontamination, has been investigated. To this end, MNPs have been entrapped within
phospholipid vesicles and the resulting hybrid magnetic structures have been characterized
for dimensions, surface charge, morphology and entrapment efficiency. Moreover, the
mechanical and physical stability of MLs have been studied as these hybrid structures could
result more fragile than classical liposomes. In fact, phospholipids are in very close contact
with the iron oxide surface in MLs, consequently any mechanical stress on the liposome
membrane, due to nanoparticles oscillations in proximity of phospholipid membrane, could
change the permeability of the bilayer leading to MNPs escape or even rupture of the MLs
structure. Therefore, MLs should be able to preserve their physical integrity over time when
exposed to a magnetic field or when subjected to a temperature increase, as fluidity and
permeability of membranes increase with increasing temperature [9, 10].

For these reasons, two lipid compositions, soybean phosphatidylcholine (SPC) and
hydrogenated soybean phosphatidylcholine (HSPC), with different degree of unsaturation,
were used in order to obtain vesicles displaying a main transition temperature (Tm) lower
or higher than room temperature, respectively. In fact, the thermotropic behaviour and
structural properties of liposomal dispersions strongly depend on the chemical properties
of the fatty acids of phospholipids, which compose the bilayer membrane: the high amount
of unsaturated acyl chains in SPC lecithin (predominantly oleic (18:1) and linoleic (18:2)
acid) imparts a very low Tm value to the mixture. The presence of double bonds in the acyl
chains led to less compact structures. For this reason, the resulting SPC liposomal membrane
can be more susceptible to external perturbations, due to its liquid-phase state at room

temperature. Instead, liposomal membranes formulated with saturated lipids (high purity
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hydrogenated soybean phosphatidylcholine, HSPC) have modest permeability due to their
gel phase state at room temperature, which potentially make them less vulnerable to
external perturbations. The stability of the two different hybrid constructs was investigated
evaluating their ability to retain a fluorescent marker in their structure, under mechanical

and thermal stress conditions.

3.3 Experimental section
3.3.1 Materials

Hydrogenated soybean phosphatidylcholine (HSPC), Phospholipon 90H, from Lipoid
GmbH and soybean phosphatidylcholine (SPC), Phospholipon 90, from Lipoid GmbH were
kindly gifted by AVG GSrl. Cholesterol (Chol), 4-(2-hydroxyethyl) piperazine-1-
ethanesulfonic acid (HEPES), 5-(6) carboxyfluorescein [5-(6) CF], Triton X-100 (TX-100),
Sephadex G-50, thiocyanatoiron, iron (III) nitrate and hydrochloric acid were purchased
from Sigma-Aldrich. Chloroform was obtained from Merck. Bidistilled water, 1,2-
dichloroethane and ethanol were supplied by Carlo Erba Reagents. Aqueous dispersion of
50 nm carboxymethyl-dextran coated magnetite (FesOs) nanoparticles, fluidMAG-CMX
(MNPs), was obtained from Chemicell GmbH.

3.3.2 Preparation and physicochemical characterization of liposomes

Unilamellar magnetoliposomes (MLs) were prepared using the thin lipid film hydration
method followed by sequential extrusion as reported in [8]. Briefly, MNPs were entrapped
within the aqueous core of liposomes. Two different lipid compositions were used in order
to obtain vesicles displaying a Tm lower or higher than 25 °C. In particular, soybean
phosphatidylcholine (PC-MLs) or mixture of hydrogenated soybean phosphatidylcholine
with 20% mol/mol of cholesterol (HSPC/Chol-MLs) were selected to obtain Tm <4 °C or Tm
>50 °C, respectively. The thin film of SPC or HSPC and cholesterol was hydrated with 10
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mM HEPES buffer solution (pH= 7.4) containing MNPs and 20 mM 5-(6) CF used as a
fluorescent marker for stability experiments. Plain liposomes, without MNPs, were also
prepared and used as a control. Repeated extrusion through membrane filters, having 0.4
um and 0.2 um pore sizes, yielded unilamellar liposomes with a narrow size distribution.
Following extrusion, the unentrapped marker and MNPs were removed by size exclusion
chromatography (SEC) carried out on a Sephadex G-50 column eluted with HEPES buffer
(10 mM, pH=7.4). All liposome formulations were stored in the dark at 4 °C and used within
1 week from their preparation. The hydrodynamic diameter and polydispersity index (PdI)
were evaluated by dynamic light scattering (DLS) experiments. All measurements were
carried out with Zetasizer Nano ZS90 (Malvern Instruments Ltd., UK) thermostatically
controlled at 25 °C. Phospholipid concentration was determined using the phosphorus
colorimetric assay [12], using a double beam UV-Vis spectrophotometer Lambda 25 (Perkin
Elmer, USA). The measurements were repeated before and after SEC purification of
extruded samples.

MNPs content in MLs was determined using the 8.5% w/v hydrochloric acid assay [13]. The
calibration curve was performed with standards solutions of magnetite. Measurements
were repeated before and after SEC purification of extruded MLs. All data collected were
used to determine the magnetite/phospholipid ratio.

The amount of 5-(6) CF entrapped in the inner aqueous compartment of liposomes was
determined measuring the fluorescence emitted at 512 nm, after excitation at 492 nm, by
purified samples pre-incubated with 10% non-ionic surfactant Triton X-100 for vesicles lysis.
The measurements were carried out using a spectrofluorometer LS 50B (Perkin Elmer,

USA).

3.3.3 AMF exposure set-up

The AMF exposure system used was the same described in detail in previous works [9, 10].
Briefly, it consists of two coaxial magnetic coils of square shape with a side length of 21 cm

and placed 11 cm apart; coil section is square with a diameter of 2 cm and is composed of
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25 cable turns. A high H field homogeneity of 99% is achieved in a volume of 10 x 10 x 6 cm?
around center of the system where the samples were placed. The coils are connected to a
signal generator (HP 3314A; Agilent Technologies, Santa Clara, CA) through a wide band
amplifier (Krohn-Hite 7500; Krohn-Hite, Brockton, MA). AMF treatments were carried out
with frequency of 20 kHz and intensity of 60 A/m. Both MLs and plain liposomes were
exposed to AMF in continuous up to 9 h. During the AMF treatments samples were placed
in a thermostatic bath at 37.0£0.5 °C, placed directly inside the coil system.

MLs were also treated without AMF (sham conditions) using currents flowing in opposite
directions in the two wires, in order to null the resulting H field, as described in [14]. Sham
samples were placed in the thermostatic bath at 37.0+0.5 °C within the same coil system and
located in the same position of the AMF-exposed ones.

The release of 5-(6) CF was calculated by monitoring the fluorescence intensity of the
marker. The percentage of 5-(6) CF, released from the different liposome suspensions, was

calculated using the Equation 3.1.

(It — o)

5—(6) CF released (%) = e
max ~— 10

100 (3.1)
where: [, is the initial fluorescence intensity of 5-(6) CF loaded; I; is the fluorescence
intensity measured at time £; I,,,,, is the fluorescence intensity after the complete lysis of the

liposomal vesicles with TX-100.

3.3.4 Measurement of 5-(6) CF released from liposomes

In order to have data about MLs stability, 5-(6) CF, which is a self-quenching hydrophilic
dye, was loaded into the core of MLs. The membrane permeation and release behaviour of
MLs were determined fluorimetrically by monitoring 5-(6) CF fluorescence de-quenching at
excitation and emission wavelengths of 492 and 512 nm, respectively. The release was

measured both due to an applied low intensity AMF stimulation (20kHz, 60 A/m) under
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controlled temperature conditions (37.0+0.5 °C) by the use of a thermal bath and measured
by means of a thermocouple after 1-3-6-9 h of continuous heating, at selected temperature

(37.0£0.5 °C) in the absence of AMF.

3.4 Results and Discussion

Phospholipid vesicles embedding MNPs were prepared by the classic thin film hydration
method. Table 3.1 reports the results of the physicochemical characterization of plain
liposomes and MNPs-loaded liposomes with two different phospholipid compositions,
which are schematically depicted in Figure 3.1. Data for magnetoliposomes refer to vesicles
obtained with 2:1 NPs/Ls ratio. Indeed, different ratios between magnetic nanoparticles and
lipids were attempted in order to reach optimal vesicles formation; working at a 2:1 NPs/Ls
ratio, no significant interference with the vesicles formation was observed, as suggested by
the percentages of phospholipids forming vesicles, which are very similar for plain and
MNPs-loaded liposomes irrespective of the type of phospholipid used. In fact, the
percentage of the lipid molecules recovered from the high-Tm MLs is only partially
decreased respect to plain vesicles, suggesting that the hydration step of liposome
preparation was only slightly influenced by the presence of the MNPs. In a similar way, no
differences in hydrodynamic diameter were evidenced between the two lipid compositions
containing or not MNPs. In both cases, the hybrid systems are arranged in a monomodal
distribution with PdI values lower than 0.200. Finally, the 5-(6) CF entrapment reaches
satisfactory values for both SPC and HSPC MLs, showing that the loading capacity of the
hybrid nanostructures is not limited by the co-presence of MNPs inside the vesicles (Table

3.1).
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Table 3.1. Physicochemical characteristics of liposomes entrapping magnetic nanoparticles and
plain liposomes. Values (+S.D.) are the mean of three determinations.

Samole SPC- SPC- HSPC/Chol-  HSPC/Chol-
P MLs Ls MLs Ls
Hydmdy‘:;‘;‘; diameter 7603 1667420 2355164 242.749.7
FesO:loading efficiency 98.6:0.6 } 70.243 .4 .
(%)r
FesO:loading eff1c1?n.cy 71 6426 ) 115.0+4.2 -
(mg/mmol phospholipid)¢
5-(6) CE loading efficiency ) 5, 007 066024 147+0.18 2.10+0.22
(ul/mg phospholipid)d
Ph"s}zz;'ehpld 93.4+1.2 98.2+0.5 78.12.3 90.1+1.5

“‘Hydrodynamic diameter and size distribution of liposomes and MLs were determined by
dynamic light scattering; °FesOs loading efficiency (mean concentration after
purification/mean concentration before purification) x 100 determined by colorimetric assay
FesOs amount (mg/mmol phospholipid) determined by Belikov assay; “fluorimetric
determination of 5-(6) CF (ul/mg phospholipid) in the final formulation; ¢phospholipid
concentration as determined by Yoshida assay.

LIQUID DISORDERED LIQUID ORDERED
MAGNETOLIPOSOMES MAGNETOLIPOSOMES

Figure 3.1. Schematic representation of SPC and HSPC/Chol magnetoliposomes showing the
different fluidity properties of the bilayers of the two hybrid constructs investigated.
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In order to provide insight on the influence of the magnetic nanoparticles on the stability
and permeability properties of the two liposomal constructs produced, the release
behaviour of the encapsulated hydrophilic marker 5-(6) CF was investigated under
mechanical and thermal stress conditions. The application of AMF external stimulus to MLs
could cause a mechanical destabilization of the vesicle membrane due to MNPs oscillation
within the liposomes, which may induce the release of the dye. Therefore, the release rate
of 5-(6) CF was used to have indirect informations about the ability of the different hybrid
nanocostructs to resist to mechanical stress and avoid undesired leakage of their content.

Results reported in Figure 3.2 (A-B) show that, upon exposure to a magnetic field at 37.0 °C,
release from magnetoliposomes having membrane in liquid disordered (SPC)-phase is more
pronounced than the leakage obtained from vesicles in liquid ordered (HSPC)-phase. The
release profiles are the combination of dual effects: magnetic and thermal, which affected
the release kinetics of 5-(6) CF in a different way. In specific, it was observed that, in
conditions of null magnetic field and 37.0+0.5 °C (sham conditions), the extent of 5-(6) CF
release is much higher from MLs characterized by disordered-state membranes, compared

to the more ordered HSPC bilayer.
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Figure 3.2. Extent of thermal and AMF-induced release from MLs characterized by (A) disordered-
(SPC) or (B) ordered (HSPC)-state membranes.
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These results can be explained considering that bilayers containing short or cis-unsaturated
hydrocarbon chains are characterized by low Tm (e.g. soy phosphatidylcholine), as the
double bounds hamper tight package of the hydrophobic tails, making the system more
leaky than bilayers formed by saturated lipids, like HSPC. Therefore, at the same
temperature, the unsaturated system will be more fluid than the respective saturated one.
Consequently, when in disordered fluid state, the lateral motion of lipid molecules within
the plane is much more freely, compared to liquid-ordered membrane, which results less
leaky at the same temperature.

A loosely packed liquid-disordered system is obtained when low Tm lipids are used to
prepare liposomes; instead, liquid-ordered domains are formed when cholesterol is
included within gel-phase bilayers. The addition of cholesterol disrupts local packing orders
of the saturated lipids, with a consequent increase in their diffusion coefficient and
modulation of vesicle permeability. Nevertheless, results reported in Figure 3.2 (B) show
that, even with the inclusion of cholesterol, HSPC liposomes did not become permeable and
leaky under the experimental temperature conditions investigated.

External magnetic stimulation caused only a modest increase in the 5-(6) CF leakage
compared to release occurring in sham conditions. The extent of AMF-induced release was
quite low and almost independent from the fluidity characteristics of the bilayers. In fact,
the increase in the percentage of 5-(6) CF released fall in the range 10-20%, with almost no
differences between MLs characterized by liquid-disordered (SPC) state membrane,
compared to liquid-ordered (HSPC) one.

Hence, if only magneto-mechanical effects on membrane permeability are taken into
account, the stability of ordered or disordered bilayers against magnetically induced
leakage suggests that both liposome structures could potentially be used as sorbents for
water pollutants. The same consideration does not apply to temperature. In fact, the stability
and integrity of SPC liposomes may be impaired if used in warm water. On the contrary,
HSPC vesicles seems capable of withstanding both magnetic and thermal induced

perturbations of the membrane. Overall, these results evidence promising and interesting
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tfeatures of HSPC-based magnetoliposomes for application as effective sorbents of toxic

pollutants.

3.5 Conclusions

Phosphatidylcholine liposomes may represent a promising alternative for application of
magnetic nanoparticles in water decontamination. In particular, lipids composed of
saturated fatty acids seem to represent a rational choice for the formation of vesicles able to
withstand both mechanical a thermal destabilization effects, thus avoiding any escape of the

magnetic payload from the hybrid systems and consequent loss of effectiveness.
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4.1 Abstract. Recently, magnetic nanoparticles (MINPs) were used to trigger drug release from
magnetoliposomes through a magneto-nanomechanical approach, where the mechanical actuation of
the MNPs is used to enhance the membrane permeability. This result can be effectively achieved with
low intensity non-thermal alternating magnetic fields (AMFs), which, however, found rare clinic
application. Therefore, a different modality of generating non-thermal magnetic fields was now
investigated. Specifically, the ability of the intermittent signals generated by non-thermal pulsed
electromagnetic fields (PEMFs) were used to verify if, once applied to high-transition temperature
magnetoliposomes (high-Tm MLs), they could be able to efficiently trigger the release of a hydrophilic
model drug. To this end, hydrophilic MNPs were combined with hydrogenated soybean
phosphatidylcholine and cholesterol to design high-Tm MLs. The release of a dye was evaluated under
the effect of PEMF for different times. The MINPs motions produced by PEMF could effectively
increase the bilayer permeability, without affecting the liposomes integrity and resulted in nearly
20% of release after 3 h exposure. Therefore, the current contribution provides an exciting proof-of-
concept for the ability of PEMFs to trigger drug release, considering that PEMFs find already

application in therapy due to their anti-inflammatory effects.

Keywords: magneto mechanical trigger; magnetoliposomes; on-demand drug release; magnetic

nanoparticles; PEMF; non-thermal magnetic field.
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4.2 Introduction

Lipid vesicles are considered clinically established systems for the delivery of drugs for
nanomedicine applications, due to their biocompatibility and ability to encapsulate both
hydrophilic and hydrophobic agents. Using a stimulus to release drugs from carriers at a
specific time and location is one of the most sought results of drug delivery research.
Typically, such a control is gained by changing the environmental conditions (e.g.
ultrasound, UV-vis light, temperature or pH of the bulk medium) [1-5]. Among these
stimuli, electromagnetic fields can offer substantial benefits for nanomedicine and
controlled drug delivery as a remote actuation tool [6-8]. Most typically, high-frequency
alternating magnetic fields (HF-AMF, 50-400 kHz) are used to promote local heating within
lipid vesicles encapsulating magnetic nanoparticles (MNPs) either in the membrane or
inside the water pool using them as devices for magnetic-controlled delivery of drugs [9,
10]. However, the application of these magnetic stimuli may determine damage and
secondary effects to the surrounding tissues due to both the temperature increase and to
magnetically induced eddy currents, limiting their clinical applicability [11]. Therefore,
more recently, the attention has begun shifting to very distinct magnetic field effects exerted
on MNPs, namely a magneto-mechanical action, which can be observed with an AMF of
much lower intensity and in the absence of heating [12-15]. Aimed to investigate only the
mechanical actuation of magnetic nanoparticles by non-heating AMF, in a previous work,
authors demonstrated the possibility to gain a controlled release from high-transition
temperature magnetoliposomes (high-Tm MLs) by low-level magnetic stimulation [16, 17].
The carrier payload was repetitively released by switching on and off a 20 kHz, 60 A/m
magnetic field. The results indicated high reproducibility of cycle-by-cycle release induced
by the magnetic-impelled motions driving to the destabilization of the bilayer rather than
the phospholipid phase transition or the destruction of the vesicle structure. Therefore,
mechanical actuation of magnetic nanoparticles by non-heating magnetic field provides an
opportunity to overcome the drawback of heating-magnetic field actuation, creating

conditions to consider MNPs and low amplitude magnetic fields prospective powerful
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therapeutic tools. By the way, AMF are mainly used in laboratory conditions and rarely
applied in clinic, nevertheless non-thermal pulsed electromagnetic fields (PEMFs) are
already employed in therapy because of their ability to down-regulate specific cytokines in
an inflame environment [18-20]. The main goal of this paper is to comprehend if the
intermittent signals generated by PEMFs are able to enhance the permeability of high-Tm
MLs (Tm=52 °C) as it occurs with low intensity AMEF. The current contribution provides a
proof-of-concept for the ability of PEMFs of similar intensity of those used in [16] to trigger
on-demand drug release opening a new scenario of synergic dual effect for concrete

application in clinics.

4.3 Experimental section

4.3.1 Materials

Hydrogenated soybean phosphatidylcholine (HSPC) Phospholipon 90H, from Lipoid
GmbH (Germany), was kindly gifted by AVG Srl (Italy). Cholesterol (Chol), 4-(2-
hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES), 5-(6) carboxyfluorescein [5-(6)
CF], Triton X-100 (TX-100), Sephadex G-50 medium grade, thiocyanatoiron, iron (III) nitrate
and hydrochloric acid (HCl) were purchased from Sigma Aldrich (Italy). Chloroform was
obtained fromMerck (Italy). Bidistilled water, 1,2-dichloroethane and ethanol were supplied
by CarloErba Reagents (Italy). Aqueous dispersion of 50 nm carboxymethyl-dextran coated
magnetite (FesOs) nanoparticles (MNPs), fuidMAG-CMX, were obtained from Chemicell
GmbH (Germany).

4.3.2 Magnetoliposomes preparation

The samples were prepared and characterized as previously reported [16] and here briefly
described. We have combined hydrophilic FesOs MNPs with HSPC and Chol to design a

suitable carrier model. The obtained liposomes are referred to as high-temperature sensitive
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magnetovesicles (high-Tm MLs) since their membrane can exist only in the ordered state
within the experimental temperature interval and neither spontaneous leakage nor thermal
responsiveness can occur up to 52 °C. Since the liposome membrane does not undergo
transition in the experimental temperature conditions, they represent a suitable carrier
model to put in evidence the non-thermal effect of the magnetic field on drug delivery.
High-Tm MLs were prepared by means of incorporating commercially available
carboxymethyl-dextran coated magnetite nanoparticles within the aqueous core of vesicles,
according to the classical film re-hydration method followed by extrusion method, as

reported in [21].

HSPC and Chol (5:1 molar ratio) were dissolved in the minimum volume of chloroform and
the organic solution was poured into a round bottom flask. The organic solvent was
evaporated under reduced pressure at 60 °C until a thin lipid film was formed on the bottom
of the flask. The dry lipid film was then hydrated at 60 °C with 10 ml of HEPES buffer
solution (10 mM, pH = 7.4) containing MNPs and 5-(6) CF sodium salt (20 mM). Final lipid
concentration was 10 mM and magnetite to phospholipid ratio was 0.2 g FesOs/mmol HSPC.
Control liposomes (CLs), without MNPs, were prepared by adding 5-(6) CF to the buffer
used during the hydration step. The obtained multilamellar vesicles were downsized by
sequential extrusion at T>Tm to form unilamellar liposomes in a Lipex extruder (Lipex
Biomembranes, Vancouver, BC, Canada). This step was performed through polycarbonate
membrane filters (Whatman Cyclopore membranes, Whatman International Ltd., Florham
Park, NJ, USA) of decreasing pore size (0.8-0.4-0.2 pm) upon ten times to obtain a narrow
size distribution. The unencapsulated fluorescent dye and the non-entrapped ferrofluid
nanoparticles were removed by size exclusion chromatography (SEC) with a Sephadex G-
50 column. The eluent was HEPES buffer. Alla liposomes formulation were stored in dark

at 4 °C and used within 1 week.
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4.3.3 Physicochemical characterization of liposomes

Hydrodynamic diameter, size distribution and C-potential of both CLs and high-Tm MLs
were measured with a Zetasizer Nano ZS90 (Malvern Instruments Ltd., Malvern, UK).
Hydrodynamic diameter and polydispersity index (PdI) were evaluated by dynamic light
scattering (DLS) experiments, whereas (-potential was measured by electrophoretic light
scattering (ELS) experiments. The DLS and ELS techniques used a photon correlator
spectrometer equipped with a 4 mW He/Ne laser source operating at 633 nm. The particle
size diameter was determined by Stokes-Einstein relationship. All experiments were
performed at a scattering angle of 90°, after diluting 10 times the samples with HEPES buffer
solution pH=7.4 to obtain a count-rate of approximately 200 kcps, avoiding interference
phenomena of multiple scattering. The analysis were repeated in triplicate and were
thermostatically controlled at 25 °C. The HEPES buffer solution used for DLS and ELS
experiments was previously filtered through 0.2 pm polycarbonate filters to remove any

interfering dust particles.

4.3.4 Transmission electron microscopy

The morphology of the nanosystems was examined by transmission electron microscopy
(TEM), using a Transmission Electron Microscope operating at an acceleration voltage of 60
kV (TEM Zeiss EM 10, Germany). For the analysis, 20 ul of the suspension, previously
diluted with HEPES buffer, were placed on a copper grid coated with a polymeric film
(Formavar/Carbon 300 mesh Cu, Agar Scientific Ltd). The excess of water was removed
letting the grid drying on a filter paper. Then, a drop of a contrast agent (an aqueous solution
of uranyl acetate at 1% w/v) was deposited on the surface of the screen and left in contact
with the sample for 5 min. After this time, the excess of the uranyl acetate solution was
removed with a filter paper and the samples were dried, at room temperature, before the

vesicles were imaged.
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4.3.5 Phospholipid assay

Phospholipid concentration was determined using the phosphorus colorimetric assay [22].
Briefly, aliquots (0.4 ml) of phospholipids in 50% v/v ethanol were added to a mixture of 1
ml of thiocyanatoiron reagent (previously prepared by solubilizing 0.97 g of ferric nitrate
and 15.2 g of ammonium thiocyanate in 100 ml of water) and 0.6 ml of 0.17 N HCI. The
solution was incubated for 5 min at 37 °C and then the thiocyanatoiron—phospholipid
complex formed was extracted with 3 ml of 1,2-dichloroethane by vigorous shaking for 2
min in a vortex-type mixer. The mixture was centrifuged for 5 min at 2000 rpm to separate
the aqueous phase from the organic one containing the complex. The absorbance of the
organic phase was measured at 470 nm against a blank without substrate, using a double
beam Lambda 25 (Perkin Elmer, USA) UV-Vis spectrophotometer. The amount of lipid was
obtained through an appropriate calibration curve, previously constructed. The

measurements were repeated both before and after SEC purification of extruded samples.

4.3.6 8.5% hydrochloride acid assay

The magnetite content in magnetoliposomes was determined using the method described
by Belikov et al. [23]. The method involves the formation, by the addition of 8.5% HCI, of
the Iron (IL, IIT) chlorides. To allow solubilization of the magnetite, the liposomal samples
were added with 50 ul of TX-100 (30% w/v) that facilitates the breaking of the liposomes
and the passage in solution of the chlorides. The mixture thus obtained was vigorously
stirred, using a vortex-type mixer (ZX3). The absorbance of the obtained solutions was
measured at 320 nm in a Lambda 25 spectrophotometer (Perkin Elmer, USA). The amount
of magnetite was obtained through an appropiate calibration line performed with standards
solution of magnetite. The measurements were repeated both before and after SEC
purification of extruded MLs. All the data collected were used to calculate

magnetite/phospholipid ratio.
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4.3.7 Differential scanning calorimetry

Differential scanning calorimetry (DSC) was used to characterize the influence of cholesterol
and MNPs on the thermotropic phase behaviour of HSPC membrane. The measurements
were carried out with a DSC131 (Setaram, Caluire-et-Cuire, France), calibrated using the
Indio standard (Tf = 157 °C) with a scan rate of 5 °C/min. The samples were obtained by
solubilizing the constituents in the minimum amount of chloroform in a round-bottom flask
and drying the solution obtained under vacuum at the Tm of the phospholipid (53 °C), until
obtaining a thin phospholipid film stratified on the walls of the balloon. Aliquots of 5 mg of
each dried film were placed in sealable aluminum pans, then 20 ul of distilled water was
added and finally the pans were hermetically sealed. At least three heating/cooling cycles
were performed under nitrogen flow (20 ml/min) by setting an initial isotherm at 30 °C for
300 s, a heating ramp from 30 to 70 °C and a second isotherm at 70 °C for 300 s. The
thermograms were recorded at a rate of 5 °C/min. An empty aluminium pan was used as

reference.

4.3.8 Loading efficiency of 5-(6) CF

The 5-(6) CF sodium salt stock solution was obtained dissolving 5-(6) CF powder with few
drops of 1M NaOH solution, followed by the addition of HEPES buffered solution up to the
appropriate molarity. The fluorescent marker 5-(6) CF was loaded into the aqueous core of
the liposomal vesicles during the hydration phase of the thin film. To this end, the probe
was added to the HEPES buffer used to hydrate the film, resulting in a marker concentration
of 20 mM. Subsequently, the suspensions were purified by SEC to eliminate the non-trapped
probe within the vesicles. The purified liposomal suspensions were appropriately diluted
in order to have marker concentrations in the range from 1-10® to 5107 mol/l. These
dilutions were prepared both in the absence and in the presence of lithic concentrations of
the TX-100 non-ionic detergent (at 52 °C for 30 min), in order to obtain the equations of the
lines respectively of the integral liposomal vesicles and of the destroyed liposomal vesicles.

Thus, according to the linear regression method, the entrapment capacity of the studied
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nanosystems was estimated as pl of entrapped volume for mg of lipid. The fluorescence of
all the samples was determined fluorimetrically by means of the spectrofluorometer LS 50B
(Perkin Elmer, USA) at Aex= 492 nm and Aem=512 nm. The probe concentration was obtained
through an appropriate calibration line, previously constructed (as reported in S.1.).

All experiments were performed in triplicate and the results reported as mean + standard

deviation.

4.3.9 Measurement of 5-(6) CF released from liposomes

The membrane permeation of the obtained high-Tm MLs was evaluated measuring the
release behaviour of the self-quenching and membrane impermeable 5-(6) CF, used as a
model hydrophilic drug. Specifically, in vitro release of 5-(6) CF from high-Tm MLs and
from CLs samples was determined by monitoring marker fluorescence de-quenching
through spectrofluorimetry at excitation and emission wavelengths of 492 and 512 nm,
respectively. The release was measured both due to an applied PEMF stimulation and under
sham-conditions [high-Tm MLs positioned as in Figure 4.2 (a) but without coil feeding]. The
release of 5-(6) CF from high-Tm MLs and CLs was evaluated as a function of the PEMF
application time, for different time durations: 15, 30, 60 and 180 min. In addition, the effect
of the magnetic field on the sample was evaluated by switching on (3 h) and off (21 h) PEMF,
for a total of 6 h of exposure. At the end of each series of measurements, all the liposomal
vesicles were completely destroyed with addition of a non-ionic detergent (TX-100, 30%
w/v) in order to evaluate the residual amount of 5-(6) CF still contained in the samples. A
water bath was used to control the environmental temperature (37.0+0.1 °C). The percent

release of 5-(6) CF was determined as follows:

I —1
5 — (6) CF released (%) = % 100 (4.1)
max ~ 10

where: I; and I, are the intensities of fluorescence at each time and a to, respectively; I,y is
the total fluorescence after adding TX-100 (30% w/v).
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4.3.10 PEMF exposure set-up

For the PEMF exposure, the medical device I-ONE (IGEA, Carpi, Italy), a product that is

already CE certified, was used. In Figure 4.1 it is shown the system that is composed of:

» generator
> power supply

> solenoid

Figure 4.1. I-ONE coil exposure set-up with the generator, the power supply and the solenoid.

Battery-operated device I-ONE, generating a peak magnetic field of 1.5 mT at the coil, with
a repetition frequency of 75 Hz, was tested in our experiments. The device is constituted by
a current pulse generator feeding an external coil, which produces the PEMF. The pulsed
signal has the following temporal characteristics (see Figure 4.2, b): duration of the active
phase of the signal is 1.3+0.1 ms; repetition frequency is 75 Hz (which is equivalent to a
repetition time period between two successive pulses of 13.3 ms); amplitude of the current

peak value is 1.05 A.
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Figure 4.2. (a) PEMF exposure setup; (b) current signal feeding the coil; (c) model of the high-Tm
MLs exposure system in the frontal exposure view; (d) magnetic field distribution in the high-
Tm MLs sample given by the magnetic field intensity of the coil (streamlines).

The high-Tm MLs sample was placed at a distance of 13 cm from the coil (15.5 cm
considering the thickness of both the coil and the thermal bath recipient), as shown in Figure
4.2 (a), obtaining a magnetic field of 100 mT. Such a distance was chosen with numerical
Magneto Quasi-static simulations, performed with the Software Sim4Life (V. 3.4, ZMT
Zurich MedTech AG, Zurich, Switzerland) at frequency of 250 Hz (the first lobe of the
spectral of the signal). The model geometry is reported in Figure 4.2 (c). The cuvette was
simulated as a cylinder with 7.5 cm of height and a radius of 0.6 cm, half-filled with a
conductive solution (0.049 S/m), which represents the experimentally measured
conductivity of the high-Tm MLs suspension (N=28, std.=0.005). A fine grid mesh (0.6 mm

of resolution) was adopted for the coil and a more accurate resolution was chosen for the
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cuvette discretization (0.4 mm). In Figure 4.2 (d), the magnetic field streamlines and the B
field distribution inside the cuvette are reported, showing a B field of 100 mT inside the
solution, when 1.5 mT is applied at the coil. The magnetic field appears to be homogeneous

inside the sample ensuring a good exposure for the high-Tm MLs suspension.

4.4 Results

TEM images of CLs and high-Tm MLs structures are shown in Figure 4.3 (a—c). CLs and
high-Tm MLs exhibited similar size and morphology, which indicates that MNPs
interaction, at the lipid/MNPs ratio employed, did not affect vesicles formation and the
overall bilayer integrity. TEM images also suggest that interaction between MNPs and
HSPC lipids leads to magnetoliposomes with hybrid colloidal structure: the iron oxide
nanoparticle can either decorate the liposomal surface (Figure 4.3, c) or be internalized
inside the vesicles, as individual entities or MNPs aggregates (Figure 4.3, b). Free
nanoparticles were not observed outside the liposome vesicles throughout the TEM grid,

thus indicating the efficacy of the SEC purification step.
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Figure 4.3. TEM images showing HSPC liposomes (a) conventional and (b, c¢) high-Tm MLs
(scale bar: 100 nm); (d) DLS measurements of liposomes size.

No differences were observed in vesicles size between CLs and high-Tm MLs, as shown in
Figure 4.3 (d). Both nanocarriers were arranged in a monomodal distribution with PdI
values <0.200, as reported in Table 4.1. (-potential value of CLs and high-Tm MLs in the
buffer medium is, in both cases, negative but the high-Tm MLs show more electronegative
character, which suggests the presence of some negatively charged MNPs absorbed onto
the external leaflet of the phospholipid bilayer.

Hydration step of the dry lipid film during liposome preparation was not influenced by the

presence of MNPs in the hydrating medium. In fact, the percentage of lipid molecules found
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in the self-closing bilayer of high-Tm MLs only partially decreased respect to CLs (>80%).
Finally, to probe the membrane permeation and release behaviour of high-Tm MLs, 5-(6)
CF was used as a model hydrophilic drug, with satisfactory values of marker loading
efficiency, expressed as captured volume of marker bulk solution (20 mM) to lipid ratio
(ul/mg structured HSPC), which was not limited by the co-loading of MNPs inside vesicles
(Table 4.1). After SEC purification, the lipid and the magnetite content were determined and
the encapsulation efficiency was calculated as g of iron oxide for mmol of lipid. The results

are reported in Table 4.1 below.

Table 4.1. Physical characterization of liposomes: the hydrodynamic diameter (Z-average), PdI
values and C-potential values for CLs and high-Tm MLs were determined immediately after SEC
purification. Loading efficiency of 5-(6) CF and of FesOs are also reported.

Sample CLs MLs
Hydrodynamic diameter (nm) 220.9+22.4 240.9+26.6
PdI 0.046+0.028 0.131+0.031
C-potential (mV) -10.28+1.43 -15.42+1.51
5-(6) CF loading efficiency (ul/mg HSPC) 2.29+0.26 1.84+0.13
Fes0sloading efficiency (g/mmol HSPC) - 0.2+0.1

In the thermogram reported in Figure 4.4, pure HSPC membranes exhibit two endothermic
peaks at 46.6 °C and 52.8 °C, corresponding to the “pre” and “main” transition temperature
(Tm), respectively. When Chol was added to HSPC (HSPC/Chol 5:1 mol ratio), the
endothermic peak, corresponding to the main transition of the phospholipid, became
smaller and broader, while the peak corresponding to the pre-transition disappeared. The
position of the main transition peak of the mixture shifted toward lower temperatures,
anyway liposomes with Chol can be still considered as high-Tm membrane vesicles, since
within our experimental conditions, they can exist only in the ordered state. Neither
spontaneous leakage nor thermal effects can occur up to 50 °C. Our results are in agreement
with those reported by Kitayama and co-workers in [24]. We have also investigated the
effect of the MNPs on the phase behaviour of HSPC/Chol 5:1 mol ratio mixture. As evident
in the Figure 4.4, MNPs did not hinder the lipid ordering and phase behaviour of the
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investigated bilayer. Moreover, the MNPs did not influence the thermal leakage behaviour
of high-Tm MLs compared to CLs. 5-(6) CF leakage from high-Tm MLs and CLs was
examined as a function of temperature from 25 to 52 °C. As evident from the results
reported, both the high-Tm MLs and CLs exhibited maximum changes in 5-(6) CF leakage,
at temperatures corresponding to the melting transition. These results confirm the

agreement between the leakage and phase transition peaks.
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Figure 4.4. 5-(6) CF cumulative release from high-Tm MLs (red points-lines) and CLs (orange
points-line) as a function of temperature from 25 to 52 °C and DSC scanning profile of the melting
process of HSPC/Chol 5:1 mol ratio mixture, with or without MNPs.

The release of 5-(6) CF from high-Tm MLs was evaluated as a function of the PEMF
application time. Figure 4.5 displays the release behaviour of high-Tm MLs, reported as
concentration of 5-(6) CF released for different lipid concentrations before and after 180 min

of continuous PEMF exposure.
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At the end of each series of measurements, all the liposomal vesicles were completely
destroyed with the addition of a non-ionic detergent in order to evaluate the residual
amount of 5-(6) CF. According to the results, PEMF stimulation modify the membrane

permeability, as indicated by the marker leakage, which reaches about 17% after 180 min.

® high-Tm MLs before PEMF
A high-Tm MLs after PEMF, 180 min
® high-Tm MLs after rupture with TX-100
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Figure 4.5. Release data of 5-(6) CF from high-Tm MLs before and after PEMF exposure. The
results are reported as molar concentration of marker for different lipid concentrations and
compared with the total amount of fluorescent dye released, after complete destruction of high-
Tm MLs with Triton X-100. The calibration curve, fluorescence (U.A.) = 1.47 x 10° [5-(6) CF mol/l
+4.18], (R?=1.00), was used to establish a relationship between 5-(6) CF fluorescent intensity and
dye concentration (as reported in S.I.).

The increase of the release as a function of exposure duration is an indicator of a dose-
response effect as reported in Figure 4.6, where moving from 15 to 180 min of exposure the
fluorescent release presents an overall three-fold increase. Nevertheless, it is important to

say that the application of PEMF did not lead to the liposomes rupture.
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Figure 4.6. Percentage of the 5-(6) CF release from high-Tm MLs, CLs and Sham at 15, 30, 60 and
180 min.

In order to further show the effect of PEMF on the controlled drug release from high-Tm
MLs, release of 5-(6) CF was carried out by commutatively switching on (3 h) and off (21 h)
the PEMF as a function of time. An important feature of the graph, in Figure 4.7, is that 5-
(6) CF can be released repetitively from high-Tm MLs (7% of extra release after the second
stimulation is reported). Long off period (21 h) demonstrated also the stability of the high-

Tm MLs against undesired leakage, when the B field is off.

100



Chapter 4

100 r

S " CLs

o

£ 60 -

2

@ 50 |

5 a0 |

< 30 |

0 L off P

’____——————i' on

10 -, on

P |

0 3 6 9 12 15 18 21 24 27
time (h)

Figure 4.7. Percentage of the 5-(6) CF release from high-Tm MLs, CLs and Sham under on-off
modality.

4.5 Discussion

Over the last years, magnetoliposomes were extensively investigated for controlled drug
release. The localized heating, produced by movements of MNPs under a magnetic field of
sufficient intensity and frequency, acts as the main trigger for drug release. In fact, when
magnetic nanoparticles are combined with thermosensitive lipids, the release of the drug
from the hybrid thermosensitive liposome/nanoparticle assemblies can be essentially
attributed to the caloric effect resulting in the phase transition of the thermosensitive-
liposome. In particular, the magnetically induced heat is transferred to the entire carrier,
causing temperature increases from physiological temperature to tolerable hyperthermia
(41-46 °C), with structural changes in the lipid bilayer that is designed to shift from a gel to
liquid phase when this increase in temperature occurs. While the magnetically induced
hyperthermia is the main applied approach in controlled drug delivery, it may
indiscriminately affect every surrounding tissue, because it is generally very tricky to keep

temperature inside the therapeutic window. Therefore, the magneto-mechanical approach

101



Chapter 4

based on the vibration or rotation of iron oxide particles, not associated with heat
generation, is of more wide application. In fact, magnetic field trigger, at frequencies and
strength that are several orders of magnitude lower than those needed for the magnetic
thermal approach, gives some supplementary advantages. In particular, low amplitude
(<100 A/m, 20 kHz) AMFs are able to produce mechanical forces from magnetic
nanoparticle, which generate transient deformations in the nanometer scale within the
liposomal membrane [16]. Similarly, PEMFs proved to be an effective remote trigger. In fact,
the obtained results demonstrate that high-Tm MLs respond to PEMF at temperature well
below the main transition temperature of the bilayer (Tm=52 °C). Also, with this modality
of magnetic field generation, the payload release from high-Tm MLs was due to the
magnetic-impelled motions of the MNPs, which drive the destabilization of the bilayer
without destruction of the liposome structure or modification of the arrangements of the
phospholipids. Moreover, the content released from the high-Tm MLs, triggering
repetitively by switching on and off the PEMF, demonstrated the possibility of using high-
Tm MLs as depot system. Not least, the repetitive release from high-Tm MLs proved that
liposomes structure was retained during PEMF exposure and that high-Tm MLs were stable

and able to preserve their physical properties over time, for at least 30 days.

4.6 Conclusions

Overall, these achievements may be used to design novel PEMF-sensitive drug delivery
systems, taking advantage from the mechanical stress induced on the liposomes membrane.
In particular, the combination of magneto-carriers and PEMFs is an exciting dual approach,
where synergistic properties of both modalities could be effectively utilized for
inflammatory reduction and remotely-activated drug delivery. In particular, PEMFs
demonstrated to exert an anti-inflammatory effect resulted in early pain control and
enhanced functional recovery in the knee diseases, reducing knee osteoarthritic lesion
progression with long term positive benefits for patients [25,26]. At the same time, it is well

known that a single-dose intra-articular administration of liposomes within a synovial joint,
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can be used to treat the inflammatory process [27, 28]. Therefore, a novel concept of
enhanced localized treatments could be proposed combining the functionalities of the
magneto-mechanical actuation and the healing properties of a non—-thermal magnetic field.
Both approaches could work in close synergy with drug-loaded nanocarriers, able to control
drug release by the application of a remote magnetic field. In this way, the efficiency of anti-

inflammatory therapies can be maximized in future medical applications.

4.7 Supplementary Information (S.I.).

In Figure 4.1 S.I. is reported the calibration curve used to establish the relationship between

fluorescent intensity and concentration of 5-(6) CF.
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Figure 4.1 S.I. Calibration curve of 5-(6) CF with the linear regression mentioned in Figure 4.5.
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5.1 Abstract. In this work it was reported the experimental proof-of-concept of the possibility to
permeabilize unilamellar nanometer-sized liposomes, applying ultra-short (ns) and intense (MV/m)
external pulsed electric fields (nsPEFs). In order to reach this purpose, a reproducible and reable
experimental protocol was fine tuned for the 10 nsPEF application on unilamellar liposomes of egg
phosphatydilcholine (Egg PC-Ls) of nanometer sizing. Therefore, the increasing membrane
permeability of Egg PC-Ls was evaluated monitoring the release of a fluorescent dye, previously
trapped in their core. Finally, to support the experimental data, a numerical model of the liposomal

suspension exposed to 10 nsPEF was proposed, according with the experimental conditions.

Keywords: electropermeabilization; electric field; nanosecond pulsed electric field; membrane

permeability; liposomes of nanometer sizing; trigger; numerical model.
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5.2 Introduction

Recently, the ability of electric pulses in inducing biological effects proved to be an efficient
strategy in the fields of biology, biotechnology, and medicine, e.g. for applications such as
cell fusion [1-3], electrochemotherapy [4-9] and gene electrotransfer [10-14]. It is known that
cell membrane behaves as a barrier that hinders the free diffusion of molecules, as ions and
hydrophilic compounds, across the phospholipid bilayer. However, the cells membrane
permeation can be transiently increased, applying an external electric field [15-17]. Thanks
to this approach was developed a new antitumor treatment which consists in delivering
electric pulses to the tumor mass, some minutes after an intravenous injection of bleomycin
[18], gaining in this way the direct access of the drug to the cytosol of cells. Once again, the
electrochemotherapy made possible the administration, in clinical trials, of highly cytotoxic
molecules, such as the hydrophilic cisplatin [19]. Despite all investigations related to the
membrane electropermeabilization process [20-22], there seems to be general agreement in
the literature that little is known about what is really occurring during this elegant way to
reach the cell interior. In fact, although the indirect proofs of the membrane
permeabilization, mediated by an external electric field (e.g. gene transfer evaluation
through the associated gene expression), it is not easy only with mathematical techniques
to create a physical model that corresponds to the electropermeabilization process and,
consequently, understand the molecular mechanisms at the single-cell level. Anyway, the
theoretical achievements of the last few years suggest that, while it is difficult to identify all
the steps that lead to the formation of pores in the membrane, the structural reorganization
of the membrane seems to be connected with an increase of the transmembrane potential,
thus exceeding the dielectric strength of the membrane itself, with respect to rest conditions
[23, 24]. Due to this effect of the electric pulses applied, it should be the formation of
transient aqueous pathways that, crossing the lipid barrier, result in a raised membrane
permability and finally in the uptake of different foreign molecules into the cells cytosol [3,
25, 26]. Apart from the understanding of the process, one of the most important aspects to

be evaluated, following the application of the electric field, is cell viability. The reversibility
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of the electropermeabilization process, therefore cells outliving, could be compromised not
only by the intensity, but also by the number and duration of the electric pulses. In fact, it
was demonstrated that for high intensities of 300 kV/cm and duration of 300 ns, apoptotic
phenomena were observed on up to 90% of cell population in less than 10 min following the
application of the pulses [27]. Despite of this, reducing the pulse duration to 10 ns or less
with intensity always in the order of kV/cm, cell membrane could be destabilized without
causing cell death [28], so that the application of one or several electric pulses of 10 ns
duration has become usual in nanoporation of cells [29-34]. In addition, to prevent the
problem of apoptosis, this type of signals, with rise and fall times in the order of few
nanosecond and amplitudes of about kV/cm, proved to be able to affect intracellular
organelles. It was extensively supported, over time, the ability of the nanosecond electric
pulses to be perceived in the cell interior: the permeabilization of intracellular granules [35],
large endocytosed vacuoles [36], endocytotic vesicles [37], the nuclear envelope [38], the
inner mitochondrial membrane [39], and moreover the trigger on the calcium release from
endoplasmic reticulum [40-42] are all examples of this interesting evidence. The feasibility
of intracellular organelles electroporation motivated some authors to investigate
theoretically [43-45] the nanosecond pulsed electric field (nsPEF) applicability for drug
delivery, specifically replacing intracellular components with liposomes of similar
dimensions. This intuition stems from the similarity between biological and liposomal
membrane, in terms of phospholipid composition. In this way it is possible to achieve two
objectives: to facilitate drug release from liposomes to cells through a simultaneous electric
permeation of both systems, placing carriers outside the cells; to have insight into the
mechanism of electropermeabilization using a simpler membrane model, like the liposomal
one [46-48]. According to the previously microdosimetric simulations [44], the main goal of
this work was to determine the experimental proof-of-concept of the possibility to
permeabilize nanometer-sized liposomes, applying as triggers ultra-short (ns) and intense
(MV/m) external PEF, by means of a standard electroporation cuvette (consisting of two

plate parallel electrodes with a gap of 1 mm). Apart from the intensity, the number and the
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duration of signals, the external medium conductivity of vesicles is an important parameter
which can influence the success of membrane permeabilization, also considering
technological limits [44, 45, 49]. For this purpose, liposomes of egg phosphatydilcholine
were prepared in two different conductivity buffered solutions and the efficiency in the
bilayer permeabilization, after the application of the electric signals, was evaluated
monitoring the release of a fluorescent dye, previously trapped in the aqueous core of
liposomes. Moreover, is here proposed a methodology for the exposure of liposomes, with
dimension in the nanometer scale, in terms of design of the experimental set-up for the
electric stimulation of lipid vesicles, combined with an integral characterization of the
exposure system and a numerical modelling evaluation of the electric field threshold,
needed to enhance the liposomes membrane permeability, according with the experimental

conditions.

5.3 Experimental section

5.3.1 Materials

Egg phosphatidylcholine (Egg PC) Lipoid 80 E, from Lipoid GmbH (Germany), was kindly
offered by AVG Srl (Italy). 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES), 5-
(6) carboxyfluorescein [5-(6) CF], Triton X-100 (TX-100), Sephadex G-50 medium grade,
hydrochloric acid (HCI), thiocyanatoiron, iron (III) nitrate, ammonium thiocyanate and
sodium hydroxide (NaOH) were purchased from Sigma Aldrich (Italy). Chloroform was
obtained from Merck (Italy). Bidistilled water, sodium chloride (NaCl), ethanol and1,2-
dichloroethane were supplied by CarloErba Reagents (Italy). Cyclopore polycarbonate

membrane filters Whatman® were purchased from Cyclopore Track Etched Membrane.

5.3.2 Experimental set-up
The experimental configuration set-up used for the application of nsPEFs to a liposomal

suspension is consituted by the following components:
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> a high voltage 50 Q) pulse generator, which produces the pulsed signal needed for
the stimulations

> an exposure system with an electroporation cuvette, containing the target
suspension, and a coaxial cable connected to the cuvette holder

> a temperature probe, that detects information on the temperature in the exposed
suspension

> a high power coaxial cable, able to transmit the signals from the generator to the

exposure system.

In our case, the generator is a high voltage nanosecond pulse generator (FPG 10-1NM10,
FID Technology, Burbach, Germany). It is designed to operate into a 50 ) load impedance
and to produce pulses ranging from 2 kV to 10 kV, with rise time of about 1.5 ns. According
to the generator manual, the duration of the generated pulses is about 8-10 ns at 50% of the
maximum amplitude. As fully described in [44], the exposure system is composed of a
coaxial cable and an applicator device, with a standard electroporation cuvette (two
stainless steel active electrodes, a surface of 10 x 8 mm? and a gap between them of 1 mm;
1002561E, BioGenerica, ITA) and a transition from the cuvette to the coaxial cable (Figure
5.1, a-b). Briefly, the cuvette holder provides the presence of two brass electrodes with area
of 33 x 10 mm? and a thickness of 2 mm. The gap between the electrodes is 11 mm and allows
the insertion of the electroporation cuvette. The central pin of the coaxial cable is connected
with one of the two parallel electrodes, while the other one to the external sock. In order to
mechanically stabilize the structure and, at the same time, avoid that the central pin is not
protected, a Teflon box is placed at the bottom of the structure. All the components of the

set-up must be matched to a 50 QQ impedance, reducing the signals waveform distortions.
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Figure 5.1. In (a) is shown the final experimental chain composed by the nsPEF generator, the
coaxial cable and the exposure system. In (b) is reported the detail of the coaxial cable connected
to the applicator device.

5.3.3 Characterization of the nsPEFs generator
Before arranging the experimental chain for the exposure of liposomes, it was necessary
tuned a characterization set-up to measure the high voltage 50 Q) pulse generator signal

waveform, using;:

» an oscilloscope, able to measure nanosecond pulses coming from the generator

» a coaxial cable, that has the role to deliver the signals from the generator to the
other electrical devices

> aseries of four high voltage attenuators, to reduce the signal amplitude, protecting

the oscilloscope.

As shown in Figure 5.2 the generator is connected by means of 4 attenuators (two-port high

voltage attenuators; RFCS-30W-N-20Db, Temstron) to the input of the oscilloscope.
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Figure 5.2. Scheme of components used for the characterization of nsPEFs generator: the nsPEFs
generator connected through the series of four attenuators to the oscilloscope.

Data sheets referred to the attenuators as -40 dB devices, therefore, as a first step, their
attenuation was measured and their behaviour characterized in the frequency domain, in
the range 10-400 MHz, using the Agilent Technologies PNA Network Analyzer E8363C (10
MHz - 40 GHz) and acquiring the scattering parameters. Since the oscilloscope has to be
able to measure trapezoidal/square electric pulses, with a duration of about 8 ns and rise
and fall time of 1-2 ns, in this work was employed the Rohde & Schwarz RTO2044 Digital
oscilloscope, characterized by 4 GHz of bandwidth and the possibility to detect a signal with
a sampling rate of 20 Gsample/s. The generated pulse was analyzed in terms of shape,
amplitude, width, rise and fall time, applying 7 kV between the electrods, at repetition rate

of 2 Hz.

5.3.4 Experimental and numerical characterization of the applicator device

Always in accordance with [44], a new characterization of the exposure system has to be
performed once different parameters are chosen, carrying out information about the real
transmitted signal. Measurements in the frequency domain were performed with a ZVB8
Vector Network Analyzer — Rohde & Schwarz (300 kHz-8 GHz), in a range of frequency
from 1.5 to 350 MHz, with the cuvette filled with solutions at different conductivity values,
trying to understand the role of the medium conductivity in the efficiency of the structure.

In this study, the HEPES butffer solutions (10mM, pH=7.4), with three different conductivity
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values of 0.04, 0.27 and 0.5 S/m, were investigated. The same HEPES buffer solutions were
subsequently used to prepare liposomes suspensions for the electric stimulations. The
conductivity values of the solutions were measured with a Precision LCR Meter E4980A
from Agilent.

The numerical performance of the exposure system in frequency domain was simulated
with finite element software ANSYS HFSS 2015. Starting from the project used to design the
applicator device [44], the geometrical model was implemented. In fact, the coaxial cable
length was increased to the value of 53 cm, with the aim of obtaining a more realistic model
and applying a wave port to feed the coaxial cable.

Simulations were performed up to 1 GHz, with the three solutions at different conductivity,

as reported in the Table 5.1.

Table 5.1. Dielectric properties of the solutions. Relative permittivity values were found out in

[44].
Solution Conductivity (S/m) | Relative permittivity (er)
a 0.04 67
b 0.27 67
C 0.5 67

The time domain behaviour of the structure was also numerically investigated using the
same project and parameter values, described for the frequency domain analysis, through
the HFSS software. The coaxial cable was fed with a lumped port, using a pulse as excitation.
The 10 nsPEF (1 V) was applied to the coaxial cable and the transmitted signal evaluated in

the center of the cuvette gap.

5.3.5 Liposomes preparation

Liposomes were prepared by the thin film hydration method [50]. Egg PC was dissolved in
the minimum volume of chloroform into a round bottom flask, then the organic solvent was

evaporated under reduced pressure at 25 °C to form a thin film on the flask walls. Residual
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traces of the solvent were further removed from the dry phospholipid film by means of an
oil vacuum pump. The film was completely hydrated, at room temperature, above the main
transition temperature of Egg PC (Tm in the range from -15 °C to -5 °C), with 5 ml of HEPES
buffer solution (10 mM, pH= 7.4), containing 50 mM of the hydrophilic fluorescent marker
5-(6) CF. Two HEPES buffers, with different conductivity (o) values, namely 0.04 S/m and
0.5 S/m, were used for the liposomes preparation. Specifically, 0.04 M of NaCl was added to
HEPES buffer, in order to reach the higher conducitivity value. After the hydration process,
the suspension of multilamellar liposomes (MLV) was submitted to five consecutive and
rapid cycles of freezing and thawing, in order to improve loading efficiency of the dye. The
obtained MLV were downsized by repeated extrusion (upon five times) through
polycarbonate membrane filters of decreasing pore size (0.8 and 0.4 pm) to obtain a narrow
size distribution of unilamellar liposomes. This step was carried out at 25 °C, using a Lipex
extruder (Lipex Biomembranes, Canada). The extruded Egg PC liposomes (Egg PC-Ls) were
subsequently purified by size exclusion chromatography technique (SEC), using a Sephadex
G-50 column equilibrated with HEPES buffered solution (6=0.04 S/m or 6=0.5 S/m), with the
aim of removing the unencapsulated fluorescent marker. Samples with a final Egg PC
concentration of 10 mM were obtained. All liposome formulations were stored at 4 °C, in

the dark, and used within 1 week from their preparation.

5.3.6 Physicochemical characterization of liposomes

Hydrodynamic diameter, size distribution and C-potential of Egg PC-Ls were measured
with a Zetasizer Nano ZS90 (Malvern Instruments Ltd., Malvern, UK). Hydrodynamic
diameter and polydispersity index (PdI) were evaluated by dynamic light scattering (DLS)
measurements, whereas the C-potential was determined by electrophoretic light scattering
(ELS) measurements. Both the DLS and ELS techniques used a photon correlator
spectrometer equipped with a 4 mW He/Ne laser source, operating at 633 nm. The particle

size diameter was determined by Stokes-Einstein relationship. All experiments were
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performed at a scattering angle of 90°, after opportune dilution of the samples with HEPES
buffer solution (pH= 7.4, 6= 0.04 S/m or o= 0.5 S5/m) to obtain a count-rate of approximately
200 keps, in order to avoid interference phenomena due to multiple scattering. The analysis
were carried out at 25 °C and repeated in triplicate. Before samples dilution, the two
different HEPES buffer solutions, were filtered through 0.2 pum polycarbonate filters to

remove any interfering dust particles.

5.3.7 Phospholipid assay

Phospholipid concentration was determined using a phosphorus colorimetric assay [51].
Briefly, aliquots (0.4 ml) of phospholipids, in 50% v/v ethanol, were added to a mixture of 1
ml of thiocyanatoiron reagent (previously prepared by solubilizing 0.97 g of ferric nitrate
and 15.2 g of ammonium thiocyanate in 100 ml of water) and 0.6 ml of 0.17 N HCI. The
solution was incubated for 5 min at 37 °C and then the thiocyanatoiron—phospholipid
complex formed was extracted with 3 ml of 1,2-dichloroethane, by vigorous shaking for 2
min in a vortex-type mixer. The mixture was centrifuged for 5 min, at 2000 rpm, to separate
the aqueous phase from the organic one containing the complex. The absorbance of the
organic phase was measured at 470 nm against a blank without the substrate, using a double
beam Lambda 25 (Perkin Elmer, USA) UV-Vis spectrophotometer. The amount of lipid was
obtained through an appropriate calibration curve, previously constructed. The
measurements were repeated both before and after SEC purification of the extruded

samples.

5.3.8 Loading and entrapment efficiency of 5-(6) CF

The 5-(6) CF stock solution was obtained dissolving 5-(6) CF with few drops of 1 M NaOH
solution, followed by the addition of HEPES buffer solution up to obtain a 50 mM solution.
The 50 mM solution of the fluorescent marker was loaded within the aqueous core of
vesicles, during the thin film hydration phase. The amount of 5-(6) CF, entrapped in the

inner compartment of liposomes, was determined measuring with the LS 50B Perkin Elmer
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(USA) spectrofluorometer the fluorescence emitted at 512 nm, after excitation at 492 nm, by
SEC-purified samples, pre-incubated at 25 °C with 30% w/v of the non-ionic surfactant TX-
100, for the complete vesicles lysis. It is worth to say that the presence of TX-100 did not
affect the direct dequenching of the dye signal. Captured 5-(6) CF, defined as pl of entrapped
volume for mg of lipid, was established using a calibration curve of the dye (reported in S.I.
of this paper). The fluorescence intensity of 5-(6) CF was found linear in the range of 107-10°
mol/l, with a correlation coefficient of 0.999. All experiments were performed in triplicate

and the results reported as mean + SD.

5.3.9 Determination of electropermeabilization after nsPEF application
Changes in the permeability of liposomes membrane, due to the effect of the nsPEF
application, was evaluated measuring the diffusion of the 5-(6) CF through the bilayer and
towards the external bulk. In vitro release of 5-(6) CF from Egg PC-Ls was determined by
recording marker fluorescence de-quenching, as reported in section 5.3.8. Specifically, after
the nsPEF application, the release profile of 5-(6) CF was monitored for 3 h, at the constant
temperature of 25 °C. At the end of each series of measurements, all the liposomal vesicles
were destroyed with the addition of 30% w/v of TX-100, in order to evaluate the residual
amount of 5-(6) CF still contained in the samples. The percentage of 5-(6) CF released was

calculated using the following Equation 5.1:
(e — 1o)

5 —(6) CF released (%) = ——-100 (5.1)
(Imax - 10)

where: [, is the initial fluorescence intensity of 5-(6) CF loaded into the liposomal core; I is
the fluorescence intensity measured at each sampling time; I,,,4, is the fluorescence intensity
after the complete lysis of the liposomal vesicles with TX-100.

The effect of the electrical stimulation was compared with the results obtained testing

appropriate controls, as reported in section 5.3.10.
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5.3.10 Experimental protocol for the stimulation with nsPEF

In this paragraph is reported the experimental protocol used for the stimulation of

liposomes with nsPEFs.
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Figure 5.3. Time line protocol tuned to the experimental phase. In the same experimental
experience the “exposure, Bsham, “bench and Ptemperature procedure was performed.

As shown in Figure 5.3, Egg PC-Ls were first thermostated at 25 °C, then they were
stimulated with 2000 electric pulses (f=2 Hz), each lasting 10 ns, applying 7 kV voltage
between the brass electrodes (nsPEFs generator in ON modality). At the end of the exposure
step, the fluorescence of the sample was continuosly monitored for 3 h, as reported in section
5.3.9. Finally, the probe recovery study was performed, adding 30% w/v of TX-100 to allow
the vesicles lysis.

The same procedure was applied to the “sham” control. In this case, Egg PC-Ls were
introduced in the cuvette with the generator in OFF modality (in absence of the electric
field). Another sample of Egg PC-Ls (bench sample) was stored in the dark over the bench
for 17 min (that is the time required for the electric stimulation). The last control was used

to evaluate the spontaneous leakage of 5-(6) CF from the vesicles. For the exposure
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experiments, three different liposomes formulations were prepared and each of them was

tested twice. The results are reported as mean + SD.

5.3.11 Microdosimetric modelling of the nsPEF application on liposomes

To support the experimental data regarding the electropermeabilization of liposomes
membrane, a numerical study, modelling the effect of an electric stimulation, was
elaborated. Specifically, a microdosimetric study of the 10 nsPEF signal, on a group of
liposomes, was provided through the analysis of the evolution in time of two observables:
the trasmembrane potential (TMP) and the consequent density of the pores across the

membrane. The numerical simulations were conducted using the finite element method

(FEM) software platform COMSOL Multiphysics v 5.3.

5.3.12 Construction of the model

In this regard, a geometrical and dielectric model, which was representative of the
experimental conditions, was developed.

The 2D model consisted of a rectangular box with dimensions of 70 x 100 um, representing
the extracellular medium in the cuvette, where a random distribution of 144 liposomes was
placed in a range position from -5.1 to 5.1 um (Figure 5.4, b).

In this way, the electric field applied on the set of liposomes was uniform. The liposomes

presented a diameter of 200 nm and a bilayer with a thickness of 5 nm.
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terminal ground electrical insulation

Figure 5.4. The D (a) and 2D (b) model consisted of a rectangular box containing a non-uniformly
distributed liposome population. The electric stimulus was applied to the upper electrode and
the ground to the lower electrode. Both sides are electrically insulated.

A non-uniform distribution of liposomes was obtained through a random position
algorithm, implented in Matlab v. R2016b. All around the liposomes distribution it was
placed a square box of 10.4 x 10.4 um, divided in 25 smaller boxes to facilitate the
computation on the entire set of 144 liposomes. The left and right sides of the rectangular
box were modelled as electrically insulated, whereas the upper and the lower sides as
electrodes. The lower electrode was set to the ground and the other was excited by a single
10 nsPEF (Figure 5.4, a), obtained by the function rect in COMSOL. The pulse parameters of
the rect function were the same of the pulse used in the experimental part of this work: 2 ns
rise and fall times, 10 ns pulse width at the half maximum amplitude. The pulse amplitude
was set to value resulting in a desired electric field between the electrodes, calculated as the
potential difference between the electrodes, divided by the electrode distance. The steady-
state problem for the described geometry was solved in the Electric currents mode of the

AC/DC module of COMSOL (Time Dependent Study), considering:
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> the Electric Currents application mode of the AC/DC module (Time Dependent
Study)
> the Boundary ODEs and DAEs application of the Mathematics module (Time

Dependent Study).

The boundary conditions, imposed to the liposomes membrane, were set as Contact
Impedance, in order to take into account the membrane conduction and displacement
currents. In this way, the Equation 5.2 of the normal current, that flows across the bilayer, is

reported below:

n-Jm=nh (Um tém %) (Vi - Vext) (5.2)

Here, n is the unit vector normal to the surface, V;, is the electric potential on the interior
side of the boundary, V,,, is the electric potential on the exterior side of the boundary, h is
the thickness of the membrane, o, is the conductivity of the boundary (liposome
membrane) and &, the medium permittivity (liposome membrane).

The investigation of the pore formation dynamics was carried out including the asymptotic
model proposed previously in [52]. In this model the pore formation in time is governed by

the differential Equation 5.3:

2 2
CCII—IZ = ae(T‘;\e/ID (1 - Nﬁoe_qc‘;ew;) ) (5.3)

where N is the pore density in the membrane, N, the equilibrium pore density in the
membrane, when TMP= 0, and the parameters «, q and V,,, are constants of the model.
The pore creation in the membrane due to electroporation phenomena, determines an

increase in the membrane conductivity (g,p), that was calculated as in [53, 54], using the

following Equation 5.4:

2
anp aph

nr, + 2h (54)
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where 7, and h are the radius of the pores and the membrane thickness, respectively, and g,
is the effective conductivity of the solution inside the pores, which was approximated as in
[53], using the Equation 5.5:
Oc—0j
op = @ (5.5)
l
Here o, and o; are the conductivity values of the extracellular and intracellular medium.

The resulting membrane conductivity was represented by the following Equation 5.6, as in

[55, 56]:

Om = Omo T O¢p (5.6)

with o, that is the membrane conductivity, when TMP= 0, and g, that is the conductivity

increase, due to the poration phenomenon.

5.3.13 Parameters of the model

The simulation parameters chosen were those of the experimental conditions, such as 0=0.04
S/m of the medium, and the nsPEF amplitude calculated considering the efficiency in
transmission of the structure. In addition, to avoid the computational stop, due to the
natural logarithm in the equation for the o, (5.4), the conductivity of the extracellular
medium was chosen at 0,=0.039 S/m, while the internal conductivity medium was set at

0;=0.04 S/m. The parameters used in this microdosimetric study are reported in Table 5.2.
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Table 5.2. Model parameters used in the FEM simulations with the electroporation model
reported in [52] to calculate the TMP and pore density during an electroporation pulse applied on
randomly distributed liposomes.

Symbol | Value Definition, justification or source

om0 11x107 S/m Mgmbrar@ conductivity when TMP=0 if membrane
thickness is 5 nm [44]

O¢ 0.039 S/m Extracellular conductivity

0j 0.04 S/m Intracellular conductivity

h 5 nm Membrane thickness [57]

ce 67 Relative permittivity of the extracellular medium [44,58]

&l 67 Relative permittivity of the intracellular medium [44,58]

em 11.7 Relative permittivity of the membrane [44,58]

p 0.76 nm Pore radius [52]

q 2.46 Electroporation constant [52]

o 10° Electroporation parameter [52]

Vep 0.258 V Characteristic voltage of electroporation [52]

No 1.5x10°m Equilibrium pore density when TMP=0 [52]

The simulations were performed studying three more representative positions of liposomes
in the suspension, in order to highlight possible differences in the electric field propagation.
The positions investigated are the “isolated”, the “central” (between two liposomes) and the
“close” one (near to other liposomes). The TMP and the pore density were evaluated in that
points of the liposome membrane where these observables show their maximum values. In
each point the normal to the membrane surface is parallel to the direction of the electric field

[45].

5.3.14 Parametric study of the Vep

The model proposed here, first introduced by DeBruin and Krassowska [52], was validated
to study the nsPEF-induced electroporation on the membrane of cells with diameter in the
order of micrometer. In this model an important parameter is the Vep, which corresponds
to the threshold voltage for the electroporation onset, depending on the type of membrane
and that is empirically set at 0.258 V on cells membrane [52]. Since in this work were used

vesicles with a diameter in the order of 200 nanometer and considering that Vep can differ
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from the cellular, due to a variety in the liposomes bilayer components [44], a set of Vep

values (0.258 - 0.150 — 0.130 — 0.120 -0.100 V) were investigated for the liposomes membrane

electroporation.

5.4 Results and Discussion

5.4.1 Experimental characterization of the nsPEFs generator
The generator was characterized at 7 kV (f=2Hz), according to the exposure conditions.

The result of the generator characterization phase is shown in the Figure 5.5.

0.6 '
— 7kV-2Hz

Vosc (v)

-5 0 5 10
time (s) x10°

Figure 5.5. Measured signal generated, applying 7 kV between the electrodes with a repetition
rate of 2 Hz.

From this result, it is possible to notice that measured signal generated presents: a rise time
of 1.013 + 0.056 ns; a fall time of 1.855 +1.032 ns; positive pulse duration at 50% of amplitude
of 2.653 + 0.292 ns; positive pulse duration at 90% of amplitude at 1.328 + 0.551 ns. This
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signal employment could be justified with its total nanosecond duration in the order of 10

ns and its rise and fall time in the order of 1-2 ns.

5.4.2 Experimental and numerical characterization of the applicator device

In order to characterize the structure and to explore the influence of the external medium
conductivity in the membrane electropermeabilization [43, 49], measurements in the
frequency domain were carried out, with the cuvette filled with solutions at different
conductivity values (respectively of 0.04, 0.27 and 0.5 S/m), in the range of frequency from
1.5 to 350 MHz. In the same conditions, the performance in frequency domain was
simulated. The numerical results were compared to the measurements, both performed
changing the solution conductivity. In particular, the frequency domain behaviour of the
reflection parameter S11 is reported in Figure 5.6. As evident from the S11 curves, the

exposure system performance confirms the numerical data.
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Figure 5.6. S11 parameter comparison between measurements (dashed line) and simulation
results (solid line), for the different conductivity solution: 0.04 - 0.27 - 0.5 S/m.
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In the range of conductivity from 0.04 to 0.5 S/m, as observed from the graph, the exposure
system presents an acceptable frequency behaviour up to 100 MHz, corresponding to the
frequency content of the 10 nsPEF.

Moreover, for the 0.27 S/m solution the S11 parameter values are lower than -10 dB up to
100 MHz, while with a conductivity of 0.5 S/m S11 is about -8 dB and -3 dB for 0.04 S/m
condition. These evidences agree with the paper previously mentioned [44]. According to
the S11 parameter results, the impedance performance, real and imaginary part, of the
exposure system, was evaluated through numerical simulations. The results are reported in
Figure 5.7 (a-c), in comparison with the measurements for each conductivity values,

respectively for 0.04, 0.27 and 0.5 S/m conductivity of the medium.
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Figure 5.7. Comparison between impedance, real and imaginary part, simulation and
measurements results. For the solution conductivity 0=0.04 S/m (a), at low frequency the values
of the impedance real part are about 300 €, as predicted with equation (5.2); for high frequency
(from 10 MHz) the system presents impedance values real part about 50 Q and low values of the
imaginary part for this medium conductivity. For solution conductivity 6=0.27 S/m (b), from low
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frequency up to 100 MHz the system presents impedance values real part about 50 Q and low
values of the imaginary part for this medium conductivity. For the solution conductivity 0=0.5
S/m (c), at low frequency the values of the impedance real part are about 21 €, as predicted with
equation (5.2); the system presents impedance acceptable to work in a 50 Q-impedance line in
terms of real and imaginary part values, up to 100 MHz.

From these results, it is possible to notice that measured and simulated results are
comparable for all the analysed conductivities. Indeed, using a geometrical model with a
coaxial cable of real length, the appearance of resonance effects occurs for frequency higher
or equal to 100 MHz. This is in agreement with [44, 59], that reported a resonant behaviour
for frequency of about 350 MHz, using a coaxial cable length lower than the experimental
one used in this work.

Therefore, the behaviour of the exposure system in time domain was numerically
characterized. The 10 ns pulse (1 V of amplitude) was applied to the extended coaxial cable
and the simulated transmitted signals, in the center of the cuvette gap, for the three
conductivity values, agree with data reported in the work of Denzi et al. [44], for the

experiments carried out in 0.27 S/m and 0.5 S/m solution.
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Figure 5.8. Electric field (E) amplitude (V/m) recorded in the center of the cuvette (1 mm gap) for
different conductivity values, applying 1 V.
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Since the maximum achievable value of the electric field (E), 1800 V/m (applying 1 V to the
1 mm gap), was observed with the conductivity of 0.04 S/m (Figure 5.8), it is clear that can
be obtained a greater efficiency in transmission (1)) decreasing the conductivity of the
medium. To demonstrate this evidence, in the Table 5.3 are reported the efficiency in

transmission values for each solution analyzed.

Table 5.3. Efficiency in transmission (defined as the ratio between the electric field obtained in
the gap, in kV/m, and the applied voltage at the generator, in V) obtained for the three
conductivity values.

Conductivity solution value (§/m) | Efficiency in transmission (1))
0.04 1.8
0.27 1
0.5 0.6

From this complete characterization, we can deduce that the use of the applicator, in the
range of conductivity from 0.04 to 0.5 S/m, is permitted, despite the differences in the
transmission efficiency of the system, when the conductivity changes. In this project, in
particular, the possibility of electropermeabilizing the liposomal systems was evaluated
setting the experimental conditions at the two extremities of this range, thus investigating

the influence of conductivity parameter both at high and low values.

5.4.3 Preparation and characterization of Egg PC-Ls

Egg PC-Ls were prepared following a three-step procedure: 1) thin lipid film hydration; 2)
extrusion; 3) SEC-purification to remove the not entrapped marker. Each step was
optimized in order to achieve vesicles formation, homogeneous size distribution, regular
shape and good stability over time. Since in literature the influence of the conductivity of
the external medium, on the electroporation efficiency, represents a controversial issue [43,
45, 49], the vesicles were assembled in two buffer solutions at different conductivity. In
particular, the hydration step was performed with HEPES buffer solutions at 0.04 S/m or 0.5

S/m. Moreover, to preserve their stability, liposomes were produced, in both cases,
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mantaining the same conductivity selected in the internal and external compartment.
Results, reported in Table 5.4, show that the operating conditions allow lipids to arrange in
homogeneous nanometer-sized unilamellar vesicles. No differences are indeed observed in
vesicles size between the two formulations, which are both characterized by a
hydrodynamic diameter <300 nm and a monomodal distribution, with PdI values <0.200.
The average size, size distribution and (—potential of the structures remained unaltered for

at least 7 days, when stored at 4 °C, as evaluated by DLS measurements (data not shown).

Table 5.4. Physical characterization of liposomes: the hydrodynamic diameter (Z-average), PdI
values and C-potential values were determined immediately after SEC purification. Loading
efficiency of 5-(6) CF is also reported.

Sample Egg PC-Ls ©=0.04s/m) | Egg PC-Ls (G=055/m)
Hydrodynamic diameter (nm) 264.5+2.1 265.9+12.1
PdI 0.137+0.036 0.158+0.031
C-potential (mV) -7.2+0.5 -6.2+0.1
5-(6) CF loading efficiency (ul/mg Egg PC) 1.02+0.08 1.07+0.11

Further proof of the successful liposomes formation, is the percentage of lipid molecules
found in the self-closing bilayer of Egg PC-Ls, which never turned out lower than 75%,
respect to the initial amount of lipid.

During the hydration phase, the fluorescent dye 5-(6) CF was loaded within the aqueous
core of liposomes and used to evaluate the permeabilizing effect of the application of the
nsPEF on nanometer-sized unilamellar vesicles. In both formulations a similar amount of
the marker was captured into the vesicles core, as expressed by the value of entrapped

volume to lipid ratio (ul/mg structured Egg PC) reported in Table 5.4.

5.4.4 Experimental results after the application of nsPEF

The electric stimulation was performed according to the protocol described in the section
5.3.10. The release profile of 5-(6) CF from Egg PC-Ls was studied under the effect of the

electric field and the results were compared with appropriate controls, obtained in the
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absence of the electric signal, in order to confirm the ability of nsPEF of changing membrane
permeability of liposomes. Despite the different measured transmission efficiency of the
exposure system, at the two different conductivity values, the experiments were designed
to get an in-depth understanding of the impact of the external conductivity on the
electropermeabilization efficacy. Therefore, the experimental demonstration of the nsPEF
application on nanometer scale liposome was achieved both with Egg PC-Ls in 0.04 S/m and
in 0.5 S/m medium.

The first formulation tested was Egg PC-Ls in the 0.04 S/m medium. Figure 5.9 displays the
diffusion of the probe through the electrostimulated membrane, immediately after the
exposure to 2000 nsPEF (with 7 kV between the brass electrodes and a repetition rate of 2Hz)

and then at 0.5, 1, 2, 3 h from the electric stimulation.
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Figure 5.9. Percentage of the 5-(6) CF released from Egg PC-Ls, after the application of nsPEF, in
the 0.04 S/m medium.

133



Chapter 5

According to the results, the pulses train modify the membrane permeability, as indicated
by the percentage of 5-(6) CF leakage, which increases in time up to 15%, respect to the
amount of probe released from the “sham, bench and temperature” controls (<5%).
Nevertheless, it is important to say that the application of nsPEF did not lead to the
liposomes rupture as demonstrated by DLS carried out before and after stimulation (data
not shown).

Differently, when the external medium of liposomes suspension was characterized by a
conductivity of 0.5 S/m, the efficiency of permeabilization decreased, thus the liposomes
bilayer behaviour reflected that of a non-electrostimulated membrane. From the release
values, reported in the Figure 5.10, it is possible to deduce that the interaction of the nsPEF

with the exposed sample is not efficient in this condition.
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Figure 5.10. Percentage of the 5-(6) CF released from Egg PC-Ls, after the application of nsPEF, in
the 0.5 S/m medium.
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Probably the higher charge density on the external surface of the bilayer, could shield the

liposomal system from the electrical signal transmitted through the external medium.

5.4.5 Microdosimetric modelling of the nsPEF application

The experimental data, obtained with Egg PC-Ls formulation in HEPES buffered solution
of 0.04 S/m, were numerically supported by means a geometrical and dielectric model,
which is representative of the operating conditions. As it is possible to notice, applying a
nsPEF with an amplitude of 14 MV/m (corresponding to the electric amplitude value in the
exposure cuvette, directly applied to the liposome solution) and a duration of 10 ns, the
TMP trend (Figure 5.11) is similar for all the studied points and there is no evidence for the
electropermeabilization of the liposome membrane. Indeed, the TMP increases during the
application of the nsPEF. An efficient treatment with nsPEFs, whereas, should determines
an initial growth of the TMP up to the critical value, followed by a reduction due to the

formation of pores and the consequent increase of the membrane conductivity [56].

0 0.5 1 1.5 2 2.5 x10%
time (s)

Figure 5.11. TMP behaviour in time on the selected points (free-central-core), applying a nsPEF
of 14 MV/m and 10 ns of duration.
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As the performed studies allowed us to appreciate the same result for all the tested positions
of liposomes, here, for different values of the parameter Vep, only the variation in the TMP

curve of the central point is reported (Figure 5.12).
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04 | Vep=0.120 V
s 035 L el
R 03]
= 0.25 |
02| —
0.15 | TTERTSESS
0.1l
0.05 |
0 |
0 0.5 1 15 2 25 x10®

time (s)

Figure 5.12. TMP behaviour for different Vep parameter values.

A significant information is obtained for a Vep=0.100 V. Indeed, it is possible to notice that
during the pulse period, TMP first increases, then slightly decreases after a few nanoseconds
from the pulse onset and finally raises again until the pulse is at its maximum amplitude

(Figure 5.13).
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— Vep=0.100 V

1.5 2 2.5 x10%
time (s)

Figure 5.13. TMP behaviour for the Vep=0.100 V. The decreasing of the slope curve stars from 1
ns, corresponding to a half amplitude of nsPEF applied respect to the 14 MV/m.

Finally, the pore density, that can be considered a significant observable to compare the
simulated and experimental results, because of its relationship with the release of a
compound from the liposomal core, was estimated. As observed in Figure 5.14, the pore
density increases, reaching a constant value of about 8 x 102 (ﬁ) at the end of the pulse
duration (11 ns).

According to [45], this N(t) value can be considered representative of the
electropermeabilization phenomenon, thus it is possible to assert that, setting a Vep= 0.100

V in the model, the changes in liposomes membrane occurs.
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Figure 5.14. Variation in time of N(t) using five values of Vep parameter. For Vep= 0.100 V it is
possibile to obtain a value about 8 x 102 (
of the nsPEF applied respect to 14 MV/m.

#) at time=11 ns, corresponding to the half amplitude

5.5 Conclusions

In this work was experimentally demonstrated the possibility of electropermeabilizing the
membrane of nanometer-sized unilamellar liposomes with the application of high intensity
nsPEF, with pulse duration of 10 ns. In particular, it was possible to modify the membrane
permeability when the conductivity of the medium used to disperse the vesicles was of 0.04
S/m. In fact, under these conditions, liposomes were able to respond to the electric
treatment, releasing a significative amount of a fluorescent dye, previously trapped in their
core. On the contrary, no changes in membrane permability were observed when the
conductivity value of the medium was increased up to 0.5 S/m. These experimental data
were supported and confirmed by a numerical model which provided for a density of pore
above the threshold of membrane poration for the 10 nsPEF exposure, when the
conductivity of the suspension was at the lower limit of the tested range. These results,

obtained in the different experiences, moreover suggest that the experimental protocol,
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developed for this electrical stimulation, could be a promising tool for other future
electropermeabilization studies. Overall, these preliminary investigations, conducted
numerically and experimentally, demonstrate that nsPEFs can remotely trigger the
permeation of nanometric lipid-based carriers as liposomes. Furthermore, since nsPEFs
proved already to be able of enhancing the membrane permeability of cells, these external
stimuli could represent a promising way to promote the transient simultaneous
electropermeabilization of cellular and liposomal membrane, thus promoting the direct

passage of drugs from the carrier to the target.

5.6 Supplementary Informations (S.I.)
In Figure 5.1 S.I. is reported the calibration curve used to establish the relationship between
fluorescent intensity and concentration of 5-(6) CF, respectively in the 0.04 S/m (a) and 0.5

S/m solution.

700 _ . ............................................. .
'y = 6.33E+08x + 2.65E+01 -
600 ... R2=0999 et
e
r ____________ - _.'/
2500 [ 1y= 5.97E+08x + 3.16E+01 e
S | ___Re=0999 | .27
g . 3
§ 300 | i
= 57 = 5-(6) CF, HEPES 0.04 S/m
= 200 | e
s el + 5-(6) CF, HEPES 0.5 S/m
.,.
100 | ‘/
0 | | | | J

0E+00 2E-07 4E-07 6E-07 8E-07 1E-06
5-(6) CF (mol/l)

Figure 5.1 S.I. Calibration curve of 5-(6) CF in HEPES buffer solution of 0.04 S/m and in HEPES
buffer solution of 0.5 S/m, with the respective linear regression.
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Through the calibration line we were also able to quantify the ul of 5-(6) CF trapped in the
aqueous core of liposomes for mg of lipid. Specifically, a template was designed to calculate
the molarity of the marker for different lipid concentrations, respectively before and after
the complete destruction of the vesicles with 30% w/v of TX-100. An example of the

determination is reported hereafter in Figure 5.2 S.I.

Column Row
A [ B C D E 1
Calibration curve 2
Fluorescence (U. A.)= 6.33E+08*[5-(6) CF mol/1l+2.65E+01 3
EggPC (mg/ml) in liposomes 0.8 4
5-i6) CF (mol/l) for liposomes preparation 0.05 5
6
5-(6) CF fluorescence 5-(6) CF =
U.A) (mol/T)
. destroyed . destroyed
EggzPC (img/l) tested vesicles ‘L’Es-id}ES- vesicles ‘L’Es-id‘-.i‘ES- ]
0 0 0 0 0 9
4 113.8 238.1 1.9E-07 4.3E-07 10
6.5 176.6 361.3 3.1E-07 6.5E-07 11
8 215.1 436.1 3.8E-07 7.8E-07 12
9.5 269.8 520.4 4 8E-07 9.6E-07 13
12 315.9 624.9 5.7E-07 1.0E-06 14
15
mol 5-(6) CF / mgEgg PC destroyed vesicles 1.0E-07 REGE.LIN(E®:E14;A9:A14:FAI SE) 16
mol 5-(6) CF / mgEgg PC vesicles 4.9E-08 REGR.LIN(D9:D14;A%:A14;FALSE) 17
158
mol 5-(6) CF entrapped / mgEggPC 5.1E-08 B16-B17 19
15-(6) CF entrapped / mg EggPC 1.0E-06 D20*B5 20
pl 5-(6) CF entrapped/ mgEggPC 1.0 DZ21*1E+06 21

Figure 5.2 S.I. Template used to calculate the capture 5-(6) CF volume in the aqueous core of
liposomes prepared in HEPES of 0.04 S/m, by means the linear regression method.
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6.1 Abstract. Wide-field CARS microscopy and real-time acquisition of specific wavelengths, during
exposure to nanosecond pulsed electric fields, were performed to analyze the behaviour of the lipid
“C-H” and O”-H” stretch vibrational bands of water at the surface of liposomes. Nanosecond dye
lasers, used in a non-phase-matching illumination, allow to perform a sensitive spectroscopy at
interfaces between lipids and water molecules, with reduced non-resonant contribution from the bulk
water itself. The major spectral components of the water/lipid interface were identified on the
liposomes spectra, which differ from those of the pure water. The two main identified spectral zones
were assigned to the water molecules located at the surface of liposomes (namely the bonds containing
the hydrogen atoms of the interfacial water molecules) and to the interstitial water molecules (namely
the water molecules inserted in between the lipids constituting the membrane). Their relative
intensities were recorded with or without a previous exposure of the samples to intense nanosecond
electric pulses. We proved, in this work, that the used pulse protocol leaded to the lipid bilayer rapid
electroporation and to a long lasting permeabilization. The interstitial bands at 3400 cm™ became
prominent in pulsed liposomes, whereas the interfacial bands at 3145 cm™ seem not affected. Our
results suggest that electric pulses can modify membrane hydration. Therefore, the facilitated
molecules transport across the membranes, during their electropermeabilized state, would be partly
the consequence of the perturbation of the water structure within the lipid bilayer and at its surface.
Then, CARS signals of single relevant wavelengths where further followed in real-time, during the
electric exposure. In this case, CARS intensities were acquired with a time resolution of few ns
comparable to the electric pulse time scale. The increase of the interstitial water signal was detected.
These results clearly confirm our spectral analysis, highlighting, for the first time, the experimental
evidence that the pore formation is initiated by intrusion of single water molecules (interstitial) into

the membrane interior, leading to the bilayer reorganization into hydrophilic conductive defects.

Keywords: wide-field CARS microspectroscopy; CARS real-time signatures; CARS spectra;
electroporation; electropermeabilization; electric pulses; liposomes; interfacial water; interstitial

water.
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6.2 Introduction

A widely used technique in biology, biotechnology and medical treatments deals with the
application of short (from ms down to few ns) and high intense (from few kV/m up to tens
of MV/m) electric pulses to facilitate the passage of small and large molecules from the
outside to the inside of cells [1]. As an example, cell membrane permeabilization is widely
exploited in a well-known treatment: the electrochemotherapy, which enables the
potentiation from 100 to 10000 folds of the uptake of a chemotherapeutic agent [2].
However, pulses effects are not limited to membrane permeabilization, and other different
outcomes ranging from nerves and heart stimulation, apoptosis induction, to modulation of
intracellular calcium are investigated for translation in potential novel treatments for
various pathologies [3, 4]. Even down millisecond and microsecond electric pulses are
routinely used in hospitals and research laboratories and biological effects of very short
nanosecond electric pulses, not yet at the clinical stage, are investigated from more than 15
years so far, the precise mechanisms inducing membrane rearrangements and the
consequent increase of its permeabilization are still not completely comprised and highly
debated [5]. Recently, the term electropulsation appears to indicate, in a single word, the
double nature of the membrane reorganization phenomenon [6, 7]. The main idea is that
membrane defects have a rapid phase, termed electroporation and a longer lasting phase
termed electropermeabilization. The first electroporation phase accounts for hydrophilic
pore formation, as predicted by molecular dynamics simulations, which rapidly reseal after
the pulses end. While the electropermeabilization phase, observed experimentally through
the late uptake of different molecules (e.g. DNA, fluorescent dyes, bleomycin), [8], is due to
a sort of membrane instability. Recently, some papers propose lipid oxidation as one of the
mechanisms responsible for long lasting permeabilization, demonstrating this possibility
both experimentally and by MD simulations [6, 7]. Nevertheless, permeabilization can be
more likely a combination of multiple and complex events, as the involvement of ion
channels, structural modification of specific water channels (e.g. acquiporin), cytoskeleton

rearrangements, cholesterol interactions, indicated by the term permeome [5].
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Considering the role of lipid oxidation in long lasting membrane permeabilization, it was
demonstrated that the amount of lipid oxidation pended on the electric pulses amplitude
and on the delivered number but also on the pulse duration. Specifically, lipid oxidation
decreases reducing the pulses duration. So, it appears that this chemical mechanism can
contribute more to the membrane permeabilization when millisecond and microsecond
pulses are involved and it is reduced when nanosecond pulses are applied to cells. In a
recent paper of Tokman and colleagues [8], looking at MD simulations, authors reported
instead that when short pulses in the nanosecond time scale are applied to membrane
patches, the contribution from water molecules polarization predominates the fast
electroporation process. These authors evidenced, by MD simulations, the role of water in
electroporation, identified as the initiator of the process and then, also, as a responsible for
the longer lasting defects [8]. This vision is not in contrast with the mechanism of
permeabilization, driven by oxidation, as also lipid oxidation implies membrane water
reorganization with long lasting processes. Due to this complex puzzle, in this paper we
experimentally studied water and lipid reorganization, at different time scales during
electropulsation. The study of water molecules reorganization is not easy task, since no
staining techniques are available for tracking water. Similarly, the following of lipid
chemical reactions is also a complex task [9]. In this context, non-linear optics techniques are
among the best candidates for these purposes, allowing the label free and fast acquisition of
vibration modes of specific chemical bound in samples. Coherent Anti-Stokes Raman
Scattering (CARS) is one of these techniques and was already successfully applied to various
biological samples, both on cells and tissues [9, 10]. Phospholipids, which are one of the
main constituents of the membrane bilayer, are one of the molecular chains most commonly
studied by CARS spectroscopy [9-11]. The vibration of the “C-H” bond of the hydrocarbon
chain is characterized by a large cross-section, thus providing a large CARS signal.
Moreover, vibrations of water, confined by lipid bilayers, can be selectively probed by

CARS, proving the peculiar potentialities of this method [9, 10].
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In a conventional excitation scheme, the CARS signal is generated using two tightly focused
light beams and detailed images are generated, point-by-point, by scanning the sample in a
confocal arrangement. However, this point-by-point technique is time-consuming and,
more recently, different groups investigated wide field imaging geometries to capture
several hundreds of um? in a single shot of paired lasers. A different set-up was proposed
by Toytman et al. [12, 13]. The illumination geometry relied on the use of two almost
collinear beams, in order to avoid phase-matching in the whole area of the probed volume.
Strong enough CARS signal was, thus, selectively generated on the object and the non-
resonant background was efficiently reduced. Based on these developments, it was created
by our group a geometry well suited for transparent objects in general, using a small angle
(7°) of incidence for the Stokes laser beam [9]. Therefore, incident beams were arranged in a
configuration inspired, but different, by Toytman’s non collinear geometry, providing a
simple design with a high scattering efficiency. Under this specific configuration, maximum
CARS signal originates from the object itself and, more specifically, from the interphase
between the object and its surroundings, where the refraction and the scattering of the
beams result in local phase-matching conditions [14]. Performances of this geometry were
fully tested on polystyrene beads and cells [15]. In this previous work, it was demonstrated
that spectral profiles can be extracted from the wide field CARS hyperspectral image, using
small- or medium-sized spatial regions, composed of a few pixels or a few tens of pixels
respectively. The absence of damage on living cells, during CARS image acquisition, was

also confirmed during these experiments [15-17].

In the present work, our attention was paid to the “C-H” (lipid heads and tails) and “O-H”
vibration modes in the 3000-3500 cm™ frequency range observed on liposomes. The probed
lipid/water vibrations correspond to those of molecules located at liposomes surfaces. These
spherical vesicles constitute a simple model of a cell membrane, nonetheless maintaining a
certain complexity, as they can be formed by several types of lipids. The extensive literature,
dealing with liquid water spectroscopy, generally refers to strong and weak hydrogen

bonding, corresponding respectively to short and large Raman shifts [9-11, 16].
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Furthermore, pump-probe spectroscopy, as well as other techniques such as surface sum-
frequency generation, revealed different lifetimes [18-21] and different spectra [12-14, 22]

for the water molecules.

Far from the object surface, water molecules are mainly surrounded by other water
molecules, not taking into account the few molecules of solutes that can be present, always
in extremely low concentrations with respect to the water concentration. As a function of

the level of ordering, water molecules structure is considered as “bulk-like” water.

When considering the water molecules located close to the objects, the concepts of bulk-like
water are not appropriate. Indeed, in the presence of objects, there is an interface and the
surface of the object impacts the hydrogen bonds of the water in two ways. The first one is
linked to the roughness of the surface: if nano-interstices exist at the object surface, water
molecules can be located in these interstices (it is the “interstitial” water). This water forms
very weak hydrogen bonds with other water molecules, because water molecules in the
nano-interstices fall apart from each other. When the object is a liposome, all the surface is
composed of lipids. In this case, the “interstitial” water, which is close to the lipid molecules,
not exposed at the surface of the lipids layer, was termed “lipid-associated” hydrogen
bonding water. Actually, the spectral zone, corresponding to “lipid-associated” water,
shows several bands that can be assigned to different types of hydrogen bonding, for
example “carbonyl-associated O-H” bonding or “phosphate-associated O-H” bonding. In
this article, we use the term “interstitial water” to refer to this whole spectral zone. The
second one is linked to the surface ability to order and orient the water molecules, which
are closed to the surface. This water is called the “interfacial” water. For the cell membrane,
it is assumed to correspond to the few water layers occupying the first 1 to 2 A over the
membrane. In the case of the phospholipids-water interface, the interfacial water, located
the closest to the phospholipids head, forms a clathrate cage around the choline group
through hydrogen bonding that was termed “water-associated O-H” bonding [23]. At the
lipid bilayer surface, the interfacial water constitutes some layers of water that can be

ordered by the dipoles of the phospholipid heads. As phospholipids heads are regularly

153



Chapter 6

placed at the lipid bilayer surface and are tightly packed, these particular water layers

contribute to the impermeability and the absence of conductivity of the cell membrane.

In this paper, CARS spectroscopy was used for the first time in combination with pulsed
electric fields to deep insight into the mechanism of electropulsation. Liposomes were used
as test sample since they represent very stable spherical phospholipid bilayers, obtainable
at high concentration. Evidently, liposomes are interesting structures for studying
electroporation and long lasting membrane permeabilization, in order to understand
mechanisms of lipid/water rearrangements. These structures were also proposed as smart
drug delivery systems, controlled by electric pulses for innovative biomedical applications
[7, 24]. Hence, the comprehension of electropulsation mechanisms has an interest for basic
research, but also for its translation to new biomedical technologies in the area of smart drug
delivery, mediated by the electric pulses. We report here novel observations of spectral
features originating from the interfacial and the interstitial water in the CARS spectrum of

liposomes, immediately after nanosecond pulses electric field exposure.

CARS signals of single relevant wavelengths, associated to lipids, the interfacial and the
interstitial water, were further followed in real-time, during the electric stimulation. In this
case, CARS intensities were acquired, for the first time, with a time resolution of few ns

comparable to the time scale of the applied electric pulses.

6.3 Experimental section

6.3.1 Materials

Phosphatidylcholine from egg (Egg PC) Lipoid 80 E, from Lipoid GmbH (Germany), was
kindly offered by AVG Srl (Italy). 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid
(HEPES), 5-(6) carboxyfluorescein [5-(6) CF], Triton X-100 (TX-100), Sephadex G-75
medium, sodium chloride (NaCl), iron thiocyanate, iron (III) nitrate, ammonium
thiocyanate, sodium hydroxide (NaOH) and hydrochloric acid (HCl) were purchased from
Sigma Aldrich (Italy). Bidistilled water, ethanol and chloroform were obtained from Merck
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(Italy). Polycarbonate membrane filters Whatman® (800, 400 and 200 nm) were purchased
from Cyclopore Track Etched Membrane.

6.3.2 Preparation of liposomes

The CARS investigations were performed on nanometer-sized lipid-based vesicles, exposed
or sham exposed to very short electric pulses. Conventional thin film hydration method,
followed by extrusion, was used to prepare unilamellar liposomes. Briefly,
phosphatidylcholine from egg (Egg PC) was dissolved in the minimum volume of
chloroform and the organic solution was poured into a round bottom flask. The organic
solvent was evaporated under reduced pressure at 25 °C (above the gel-liquid crystalline
transition temperature of the Egg PC, Tm) to form a film which was further dried under
high vacuum, removing traces of the solvent. The resulting lipid film was hydrated with 5
ml of HEPES buffered saline solution (HEPES buffer 10 mM, pH= 7.4, 60 mM NaCl, c=0.8
S/m). 20 mM of the hydrophilic fluorescent marker 5-(6) CF was also added to the buffered
solution. The hydration process was carried out in a thermostated water bath at 25 °C
(T>Tm). Five repetitive freeze-thaw cycles of liposomes aqueous suspension were
performed, encouraging the greater entrapment of the probe in the core. The mixture was
repeatedly extruded at 25 °C, through polycarbonate membranes of decreasing pore size
using the Avanti Mini Extruder (Avanti Polar). The extrusion was carried on until a
homogeneous size distribution was achieved (2 times through 800 nm membranes, 4 times
through 400 nm membranes and 4 times through 200 nm membranes). Finally, liposomes
were purified using a Sephadex G-75 gel filtration column. The purification step was
considered with the aim of removing not entrapped material into vesicular structures. All
liposome formulations were prepared at least in triplicate, were stored at 4 °C and were

used within two weeks.
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6.3.3 Physicochemical characterization of liposomes

- Dynamic light scattering and ¢- potential measurements

Particle size distribution of liposome was measured with a Zetasizer Nano Z590 (Malvern
Instruments Ltd., Malvern, UK). Hydrodynamic diameter and polydispersity index were
evaluated by DLS experiments, whereas (-potential was measured by electrophoretic light
scattering (ELS) experiments. All the experiments were performed at a scattering angle of
90° and were thermostatically controlled at 25 °C. Liposomes samples were diluted in
HEPES (10 mM, pH = 7.4, 6=0.8 S/m) until a count-rate of about 200 kcps was obtained to
avoid interfering multiple scattering phenomena. Size, polydispersity index {-potential
values of the liposomes are the mean of three different preparation batches + SD. Moreover,
each analysis was performed in triplicate. The measurements were carried out immediately
after vesicles preparation and repeated during the samples conservation at 4 °C, in order to

evaluate their stability over time.

- Phospholipid assay

The amounts of phospholipids present in the liposomal formulation were determined using
a colorimetric method. The assay is based on the formation of a hydrophobic
thiocyanatoiron-phospholipid complex [25]. Briefly, aliquots (0.4 ml) of phospholipids in
50% (v/v) of ethanol were added to a mixture of 1 ml of thiocyanatoiron reagent, previously
prepared by solubilizing 0.97 g iron (III) nitrate and 15.2 g of ammonium thiocyanate in 100
ml of water. Then the solution obtained was acidified with 0.6 ml of 0.17 N HCI. The
thiocyanatoiron-phospholipid complex formed was extracted with 3 ml of 1,2-
dichloroethane, by vigorous shaking for 2 min in a vortex-type mixer. The mixture was
centrifuged for 5 min at 2000 rpm and the absorbance of the organic lower layer was

measured at 470 nm against a blank without substrate, using a GloMax®-Multi Detection
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System of Promega as spectrophotometer. Phospholipid concentration was gained through

a suitable standard curve previously constructed.

- Loading and entrapment efficiency of 5-(6) CF

The 5-(6) CF sodium salt stock solution was obtained dissolving 5-(6) CF powder with few
drops of 1M NaOH solution, followed by the addition of HEPES buffered solution up to the
appropriate molarity (0.1 M). The 0.02 M 5-(6) CF fluorescent marker was loaded within the
aqueous core of vesicles during the thin film hydration phase. The amount of entrapped
probe in the inner compartment of liposomes was spectrofluorimetrically determined
(Aex=492 nm; Aem=512 nm) using a GloMax®-Multi Detection System of Promega
spectrofluorimeter. The entrapment efficiency (E.E) of 5-(6) CF, defined as pl of entrapped
volume for mg of lipid, was established using a linear regression plot, as reported in S.I. All

experiments were performed in triplicate and the results reported as mean + SD.

- Thermal stability study of liposomes

Before the application of the nanosecond pulsed electric field, the physical stability of any
formulation was checked at 25 °C, to provide informations about the temperature profile of
solute leakage from La-Egg PC vesicles. Liposomes, containing a defined quantity of probe,
were inserted in amber glass vials, in a thermostated water bath (25 °C), under moderate
magnetic stirring for 3 h. Samples were withdrawn at predetermined time intervals and the

percentage leakage of 5-(6) CF was determined as follows:

5 — (6) CF leakage (%) = % 100 6.1
max ~ 10

where: I, and I, are the intensities of fluorescence at each time and a to, respectively; L4, is

the total fluorescence after adding TX-100 (30% w/v).
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Fluorescence emission spectra were recorded at excitation wavelength of 492 nm and the
emission was monitored over wavelength the range of 400-600 nm (Aem= 512 nm), using a
GloMax®-Multi Detection System Promega as spectrofluorimeter. At the end of the study,
the suspension was recovered and liposomes were characterized by DLS to verify their
dimensional integrity. All procedure was repeated for three times and the experimental data

were showed as mean = SD.

6.3.4 Electrical set-up for applying nanosecond pulsed electric field to
liposomes

To verify the electropermeabilization of the liposomes, in order to perform well controlled
CARS experiments, vesicles were exposed to a train of electric pulses using a ground closed
coplanar waveguide (GCCPW) as exposure system. The GCCPW structure and its
transmission behaviour was already presented in [26]. In brief, the GCCPW is a planar bio-
chip constituted by three parallel gold electroplated electrodes connected to a ground plane.
Our GCCPW is perfectly matched up to 3.5 GHz, with a reflection coefficient less than -10
dB. Besides this good matching in reflection, our GCCPW presents a Sz1 always above -3 dB,
up to 3.5 GHz. Therefore, losses in transmission seem good and in line with other devices
for single or multicellular electric exposure, as noted in [27, 28]. Hence, all the delivered
electric pulses are undistorted transmitted to the liposomes samples. Liposomes were
exposed between the central and lateral gold planar electrodes of the bio-chip, presenting
an inter-electrode distance of 500 um. This distance was fixed in order to allow lasers
passages during the CARS micro-spectroscopy. A constant liposomes volume of 15 pl, at 25
°C, was exposed in a set of three independent experiments, repeated two times. Beside the
exposed samples, our experimental configuration included sham exposed ones and the
control sample not placed on the GPPW electrodes. This aliquot was leaved for the duration
of the whole experiment in the water bath, thermostated at 25 °C. The fluorescent dye release
was evaluated for all the samples (exposed, sham and control), taking into account the

spontaneous leakage of the control samples at each collection of fluorescence data acquired,
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immediately after exposure (0.28 h) and 1, 2, 3, 24 h after the pulse delivery trigger. Dynamic
light scattering (DLS) experiments were carried out to assure integrity of the vesicles upon
exposure. Temperature was measured before and immediately after the stimulation with a
probe (Luma Sense), recording differences below 0.5 °C.

It is worth to remember that the GCCPW is also fully biocompatible, thanks to the material
employed for its fabrication including gold, transparent calcium fluoride (CaFz), limiting as
much as possible eventual electrochemical effects during the electric pulses application.
Liposomes were pulsed using the following protocol: 2000 pulses, each lasting 10 ns, were
delivered with and inter pulses frequency of 2 Hz. The pulses amplitude where fixed at 9
MV/m. Pulses were delivered using a Fid Technology generator (model Brand) and the
delivery controlled by mean of an oscilloscope (Tecktronic 600 MHz or Lecroy 8 GHz),
connected through a tape off (Barth type) following the measurement chain, as reported in
[29, 30]. The same pulses protocol was also used for CARS experiments (as reported in the
subsection Optical and electrical set-ups description) to retrieve spectra of liposomes in the

lipid/water vibrational region.

6.3.5 Optical and electrical set-ups description

- The CARS microscope

The CARS images were acquired using a wide field CARS arrangement that was described
previously in [31]. The excitation beams were provided by two pulsed narrowband tunable
dye lasers, operating at 10 Hz, which are named pump and Stokes beams. Full laser line
width at half maximum (FWHM) was 2 cm™! for the pump and 3 cm! for the Stokes beams.
The pulse durations were 4 ns (pump) and 2.8 ns (Stokes).

In our configuration, @ pump was fixed at 15 384 cm™ (Apump= 650.0 nm), while the w Stokes

(Stokes laser operated with the LDS 821 dye) could be tuned from 11876 to 12469 cm™ (Astokes=
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802 nm - 842 nm). This w pump - w Stokes scanning range allowed us to probe, with a
maximal efficiency, the Raman bands of water molecules located between 2915 and 3508
cm! [32, 33], which is the Raman range termed “water vibrations region”. The “CHs" choline
bond, associated to lipid rearrangement, is further included in the observation region. Let
us note that this range also includes polystyrene CARS bands, with a prominent band at
3054 cm?! (Astokes= 811.0 nm) that is used in the alignment procedure.

Typical energies are per pulse range from 200 to 500 yJ for the pump, and from 130 to 300
uJ for the Stokes laser. After spatial filtering, the laser beams were focused into the sample
using two long focal length lenses, 750 mm for the pump and 500 mm for the Stokes,
resulting in a relatively large Gaussian spot at the sample plane, 120 um in diameter for the
pump and 110 um for the Stokes. Thus, wide field imaging [13, 14] of liposomes could be
achieved in a single laser shot 15. It is worth to notice that liposomes spatial resolution is
not resolvable but retrieved CARS signals clearly indicate the presence of liposomes, due to
variation of vibrational modes with respect to the simple water samples.

In our CARS arrangement, the main resonant susceptibility contribution xR (3) to the CARS
signal 15 arose from the interface between the object itself and the closely surrounding
medium, including the water resonances being studied here, as described in the
Introduction. An inverted microscope (Zeiss Axiovert 200) was used and the sample was
imaged by means of standard objectives (50 x, NA= 0.55). Image of the observation plane
was formed on an intensified CCD camera (PIMAX 3 Camera, Roper Technologies,
Sarasota, Florida). In the signal acquisition sequence, the camera was triggered by the laser
pulse, using a delay generator (DG 545, Princeton instruments). The temporal gate width of
the camera was set to 40 ns in most experiments. The very short gate width improved the
filtering of the pulsed CARS signal from the stray light. To record a CARS spectrum,
w pump was kept constant, while w stokes was scanned over the whole emission bandwidth
of the LDS dyes. The scanning speed of the Stokes wavelength (30 pm/s) was adjusted

according to the laser linewidth (3 cm™).
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- GCCPW coupled to the CARS microscope

The GCCPW, used to verify the 5-(6) CF release from liposomes, e.g. a test demonstrating
the effective liposomes permeabilization, was integrated into the previously presented
CARS microscope to permit the acquisition of CARS spectra and the real-time follow-ups of
CARS signal at specific wavelengths (Figure 6.1, B). Essentially the integration includes
mechanical arrangement of the GCCPW into the CARS microscope stage and its optical
coupling, using specific filters to reflect the Stokes and Pump beams and allowing the
passage of the Anti-Stokes beam (Figure 6.1, A-B). The optical filters are positioned in
specific locations and the first one has also the capability of maintaining the reflected signal
with a low aperture angle in order to avoid reflection of the lasers near the metallic GCCPW
electrodes. In front of the microscope objective, the GCCPW plane is constituted by the
transparent CaF: substrate, one of the best materials for non-linear optics, which is in contact
to a bandpass filter F1 (CVI-CP-AG-540). The coated filter face was placed upward in order
to reflect the pump and Stokes beams right, after interacting with the sample of interest. The
filter (F1) prevented the objective from being damaged by the high energies of the excitation
beams (attenuation of 4 orders of magnitude) and allowed more than 90% transmission at
anti-Stokes wavelength. Additionally, a set of bandpass filters (two FF01-750, 2 mm thick)
was placed at the exit of the objective in front of the CCD camera, in order to block the
residual light from the lasers beams and to spectrally filter the anti-Stokes scattering. These

details and the full system are visible in the Figure 6.1.
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Figure 6.1. Scheme of the GCCPW device, with details and mounting arrangements for its
integration into the CARS microscope (A). Photos of the whole wide field CARS setup, with
details of the GCCPW mounting and the connection to the pulse generator. The oscilloscope and
tape-off necessary for electric pusles monitoring are also shown (B).

6.3.6 Protocols for CARS experiments and data analysis

- CARS spectra acquisition
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CARS spectra are acquired immediately after the nanosecond pulsed electric fields
exposure. Protocol for spectra acquisition has the following scheme (Figure 6.2, A). First the
samples were pulsed, second the laser beams were aligned and finally the spectra
acquisition started. Spectra were collected in the range from 2850 to 3480 cm™ and 146
images were taken at equally spaced wavelengths, each image being the accumulation of 75
laser shots. To allow precise focusing of the laser beams on the CaF: substrate, where
liposomes were placed, polystyrene bids were used as references. Particular attention was
paid to collimate the lasers out of the bids, which only act as spatial reference due to their
dimension (10 um), visible under classical optical microscopy. However, these bids show a
very well know CARS signature, which enable their discrimination in the acquired CARS

spectra.

- Real-time follow-ups of selected wavelengths

The perfect synchronization of the laser beams and electric pulses is achieved by a DG (DG
545, Princeton instruments). In this set of experiments, the Stokes beam is fixed at specific
wavelengths retrieved from the analyses of the spectra previously described and acquired.
Investigated wavelengths are representative of the “C-H” bounds (head group and tails) of
the interfacial water and of the interstitial ones. The synchronization of the optical pulses
with the electric one is reported into the scheme of Figure 6.2 (B). The Pump and Stokes
arrive exactly during the final part of the electric pulse, precisely at 6 ns from its beginning.
In this way, the CARS image is formed exactly at the end of the electric pulse delivery
corresponding also to the end of the optical pulses lasting 4 ns. Each image is accumulated
40 times and images are acquired for 14 consecutive minutes. The electric signal is off for
the first 4 min, then the pulses start for a total duration of 6 min. The further 4 min are
recorded to observe processes of eventual liposomes changes, after the end of the electric
pulse delivery. The scheme of the temporal observation of the CARS signal is reported in

Figure 6.2 (B). The fact that the images are acquired immediately after the electric pulse
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exposure is completely novel. No experimental data exist with such time resolution (ns),
making our analysis on the water/lipid role into permeabilization processes extremely

interesting and unique.

- CARS signals treatment procedures

Post-acquisition treatment was conducted using MATLAB® (R2016a, The MathWorks).
First, elimination of several electronic and optical noises contributions was performed by
subtracting the images recorded with and without laser illumination. The collected data
provided a hyperspectral image of the sample plane.

Each spectrum is built averaging a specific region of interest (ROI) of dimension of 10 x 10
pixel to assure that a sufficient number of liposomes are included in all the retrieved spectra.
Then, for each spectrum, the averaging of at least three independent experiments was
performed. Smoother spectrum was obtained by moving average filtering on a window of
three sample at the expense of lowering the spectral resolution to 2.7 cm™. The spectrum
intensity was then corrected for the Stokes laser energy curve. Similar analysis were
employed for real-time CARS acquisition, using different number of images and
accumulation of laser shots as already reported in previous sub-section. In order to compare
spectra of exposed and sham exposed liposomes suspensions, belonging to different
experiments, it was also necessary to standardize each spectrum. In particular, the
standardization process modifies signals to obtain curves with null mean and unitary
standard deviation, a technique usually employed in Raman spectroscopy.

With the aim to quantify the degree of similarity between the various spectra, constructed
from each ROI of the image, the Pearson correlation coefficient, r, was calculated using
MATLAB®. Indeed, the square value “r?” quantifies the proportion of change of the
recorded spectra. The coefficient “r?” enables to evaluate the reliability of the measured
spectra to describe the various experimental data retrieved from the hyperspectral image.

“_J75
r

Since the value of “r” is independent on the relative amplitude of the two correlated spectra,
the spatial inhomogeneities of the signal, due to the illumination geometry, can be
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overcome. The resulting correlation image, drawn from the calculation of these coefficients,
provided us with an accurate spatial mapping of the multiple spectral features contained in

one spectrum.
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Figure 6.2. Scheme of CARS spectra acquisition (A). Scheme of protocol employed for real-time
acquisition of CARS signature (B).

6.4 Results

6.4.1 CARS spectra of unexposed and exposed liposomes

In Figure 6.3 (A) CARS average spectra of the sham exposed and exposed samples are

presented. These data are the average over five spectra (10 x 10 ROI), acquired in three
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independent experiments. Standard deviations are also reported. The graph demonstrates
a clear increase of the interstitial water band after the pulse delivery with peak at 3345 cm.
The interfacial water band seems only slightly modified and the observed increase resulted
not statistically significant. Variations in the lower vibrational band, in the range between
2900 and 3100 cm™, are also negligible and no significant differences, between sham and
pulsed samples, can be observed at 3033 cm™, corresponding to the vibrational model of the
choline head groups and at 3005 cm™ assigned to the symmetric “C-H” stretch vibration of

lipid.

sd
—sham exposed

Standardized CARS signal (A.U.)
o
o

4852 1 i 1 ' i

2900 3000 3100 3200 3300 3400

Wavelength (cm-1) ( )
Pearson correlation coefficient

(B) Pearson correlation coefficient

Figure 6.3. Average spectrum with standard deviation (shadow) for exposed and sham exposed
liposomes (A). In (B) and (C) Pearson correlation distributions for the grey spectrum and orange
spectrum, respectively illustrated in (A).
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In these spectra, the contribution associated to the polystyrene bids is only slightly visible.
They are used to determine the focal plane and their associated peak is visible at 3053 cm.
This is in complete agreement with the typical spectrum of single polystyrene bids. It is also
worth to notice that, globally, the sham exposed and exposed spectra of liposomes
suspensions differ from that of pure HEPES buffer, which presents a much more smoothed
structure. At 3200 cm™ a single peak is present, associable to the bulk-like water that
preponderantly constitutes the solution. In Figure 6.3 (B) and (C), the Pearson correlation
coefficients for the sham and exposed samples are presented. These distributions show the
similarity of the average spectra with respect to full-analysed area. Looking at the Figure 6.3
(B and C), it is clearly visible the zone where the CARS signal is higher, which corresponds
to the area where the correlation coefficient is higher. This demonstrates that in the area of
intense CARS signal the average spectra highly represents the vibrational behaviour of the
whole sample, further supporting the robustness and repeatability of our data. Finally, in
Figure 6.3 (C), the small green dots, within the red region, are associable to the bids presence,
with a vibrational spectrum completely different (correlation coefficient lower than 0.3)

from the liposomes suspension one.

We would like also to remember that the modifications in sham and exposed spectra (Figure
6.3) are observed within 20 min after the delivery of electric pulses; therefore, they can give
information on the lipid/water structure in the long lasting phase of the electropulsation

phenomenon.

6.4.2 Follow-up of single wavelengths of unexposed and exposed liposomes

From the analysis of previously presented CARS spectra, we selected three interesting
wavelengths followed in real-time, as described in the paragraph 6.3.6. The selected
wavelengths correspond to the vibrational mode of the choline head group at A1=3033 cm.
This wavelength was chosen for its interest in relation to our liposomal sample, but also
because is characterized by a good intensity of the CARS signal. Indeed, decreasing the

wavelengths, we assisted to a decrease of CARS signal intensity, due to the limited energy
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associated to the Stokes beam, tunable only over a limited band. A second selected
wavelength, A>=3145 cm, is associated to the interfacial water peak (Figure 6.4, B). Finally,
the third followed wavelength, A5=3345 cm, is relative to the peak of the interstitial water

vibrational band (Figure 6.4, C).

Figure 6.4 shows the trend of the average CARS signal over time (five acquisitions in three
independent experiments) for these three wavelengths, before the exposure (3.3 min),
during the exposure (lasting 3.3 min) and after the exposure (3.3 min). Standard deviations

connected to the average CARS trends are also reported.

Pulse on Pulse off

Standardized CARS signal (A1)

time (muin)

Figure 6.4. Real-time CARS signal acquired at 1;=3033 cm for the vibrational mode of the choline
head group (A), at 1,=3145 cm™ for the vibrational mode of the interfacial water (B) and at A3=3345
cm for the vibrational mode of the interstitial water (C). Shadow indicates standard deviation of
the data.

Interestingly, the CARS signal of the interstitial water starts to increase after the delivery of
400 electric pulses, meaning that hydrogen bonds are changing because of the external
stimulation. Hydrogen bond modification leads to the creation of more isolated water
molecules at the liposome interface, more strictly associated to the lipid head groups. The
increase of the interstitial water continues up to the end of the pulse delivery, demonstrating

that this vibrational mode modification is a result of the changes induced by the electric
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stimulation. In concomitance to the beginning of the interstitial water increase, the average
CARS trend, associated to the interfacial water, presents a peak. It can be due to some
rearrangement of “O-H” bonds of water molecules, which seems to break their symmetry.
This makes possible the formation of the isolated interstitial water molecules, which present

more asymmetric “O-H” vibrational modes that are translated towards higher wavelengths.

No modifications are associated to the average CARS trend of the choline vibrational mode.
This could be eventually linked to a lower detection ability of the system, at this lower
wavelength, but nonetheless this result can indicate that the lipid head structure is unaltered
during and after the electric pulse delivery. In Figure 6.5, the Pearson correlation coefficients

for the three CARS trends at A1, A2 and A3 are reported.

These data demonstrate that, in the area of intense CARS signal for As, the average CARS
trend, over time, appropriately represents the vibrational behaviour of the whole sample,
making our data on the increase of the interstitial water entirely robust. Pearson correlation
coefficients are lower, but always above 0.5, for CARS trend associated to A1 and A2, probably

due to a higher variability of the acquired signals.
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Figure 6.5. Pearson correlation distribution for CARS signals acquired respectively at A,=3033
cm! (A), at A,=3145 cm? (B) and at A3=3345 cm (C).

6.4.3 Assessment of liposomes permeabilization

Liposomes were prepared as a suitable test sample for CARS investigation on the role of
water molecules in the electropulsation phenomenon. For this purpose, liposomes
characterized by homogeneous size distribution and good stability over time were realized.
The operating conditions adopted (see paragraph 6.3.2) allow lipids to arrange themselves
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in homogeneous nanometer-sized vesicles. Egg PC liposomes obtained, after the extrusion
of multilamellar vesicles through membranes of progressively lower mesh-size and
purification by size exclusion chromatography (SEC), showed monomodal size distribution
curves, with polydispersity index lower than 0.150, thus indicating that the distribution size
of vesicles was homogeneous.

Furthermore, the amount of structured lipid was about 80%, and {—potential values were
within the range from -7 to -6 mV, according to the zwitterionic nature of the phospholipid
employed. No changes were observed in vesicles after storage at 4 °C, in the dark for 15
days. The amount of probe entrapped in the inner compartment of liposomes, expressed as
volume of dye for mg of lipid, was pl 1.41+0.15/mg of structured Egg PC.

Before the application of the electric field, the thermal stability of any formulation was
checked at 25.0+0.5 °C, in order to provide information about the temperature profile of
solute leakage from La-Egg PC liposome membrane. This characterization is of paramount
importance since the Egg PC vesicles can exist only in the disordered state at 25.0+0.5 °C, so
they are more prone to a spontaneous leakage. Nevertheless, it was observed that, in
conditions of null electric field at 25.0+0.5 °C, the extent of dye release is always <5%, despite
the disordered-state membranes of lipid vesicles. Therefore, liposomes represent a suitable
carrier model to put in evidence the electropermeabilization effect of the electric field on
drug delivery. Immediately after the application of 2000 10 ns electric pulses, the release of
5-(6) CF was detected and evaluated, as a function of the stimulation. Figure 6.6 (A) displays
the release behaviour of Egg PC liposomes, reporting the percentage of 5-(6) CF released
after 20 min of continuous electric field application and of sham condition, respectively.
According to the results, nanosecond electric pulses modify the membrane permeability, as
indicated by the marker leakage, which reaches about 20%, respect to the sham exposed [5-
(6) CF release <5%]. The increased permeability of the bilayer suggested to be related to the
geometry of lipids, which, upon electric pulses, promotes the induction of local defects in
the liposome bilayer, leading to dye release. Specifically, the persistent interposition of

water molecules within the acyl chains of phospholipids is probably important in
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modulating and controlling the membrane structure and its permeability. These data release
strongly support the results of the interstitial water increase, observed in CARS spectra of
exposed sample (Figure 6.3, A). Nevertheless, it is important to underline that the
application of the electric pulses did not lead to the liposomes rupture, as demonstrated by

the superposition of DLS curves before and after the electric treatment (see Figure 6.6, B).
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Figure 6.6. Percentage of the 5-(6) CF release from Egg PC liposomes, under exposed and sham
exposed conditions (A). In (B) are reported: the DLS graph with the size curves of Egg PC
liposomes before and after the electric stimulation; the table with the relative hydrodynamic
diameter (Z-average) and distribution (PdI) of unexposed and exposed samples.

6.5 Discussion

In this work, we experimentally followed, using CARS signatures, chemical modifications
in the water vibrational band, occurring during the electropulsation of liposomeS
suspensions. The alteration in the CARS interstitial water signature, e.g. the presence of
single water molecules more associated to lipid heads, is observed for the first time at the
instant of each pulse delivery. These results can be compared directly with MD simulations
predicting, on a comparable time scale, water disorganization and appearance of a less

packed lipid bilayers [7]. From the graph of Figure 6.4 (C), it is further possible to define the
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minimal number of pulses (here equal to 600) necessary to determine the increase of the
interstitial water, responsible for the initiation of water defects, which lead to pore
formation. The decrease, but not the return to the initial basal level, after pulses, of these
interstitial water signatures (Figure 6.4, C) can be interpreted as a long term modification of
the hydration state of the bilayer (with a time constant of obtained applying an exponential
decay to fit the experimental data of Figure 6.4, C). The maintenance of the interstitial water
presence long, after the exposure, is similarly evidenced in the acquired CARS spectra of
the exposed liposomal suspensions (Figure 6.3, A). Further, we monitored the 5-(6) CF
release up to 3 h after the pulses, in order to understand if the insertion of water molecules
in the lipid bilayer, hypothesized from the analysis of CARS spectra and real-time
acquisitions, is also permanent after the pulses delivery. Figure 6.7 shows at least a nearly
constant release of the probe (up to 27% at 3 h), in comparison with the sham exposed

sample.
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Figure 6.7. Monitoring of the 5-(6) CF release (%), from exposed and sham exposed Egg PC
liposomes, up to 3 h after the electric treatment. At 0.28 h is reported, as in Figure 6.6, the
percentage of 5-(6) CF release immediately after the application of 2000 10 ns electric pulses.
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This different behaviour of the treated samples is maintained and even increased up to 24
h, with a 5-(6) CF release of 56% for the exposed sample versus a 10% for the unexposed
one. In this last case, the amount of dye recorded is a consequence of the natural leakage of
the Egg PC vesicles, thermostatically stored at 25 °C.

The proposed data, as a whole, lead to hypothesize a fundamental role of the interstitial

water in the electroporation process as schematically sketched in Figure 6.8.

Phase 0: Phase 1: Phase 2: Phase 3:
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Figure 6.8. Schematic vision of liposomal membrane organization before and after the exposure
to the electric field. Blue symbols stand for phospholipids of bilayer, whereas red ones symbolize
the oxidized lipids that can be occured during the pulses delivery. In addition is illustrated the
possible insertion of water molecules within acyl chains, which leads to pore formation as
predicted by MD simulations. Persistent water defectes justify the long term permeabilization.

An intact phospholipid bilayer, during the application of pulses, is subject to a first phase
of rearrangements, where water network reorganizes itself. A shift of the “O-H” stretch
modes of water, towards the asymmetric region (at higher wavelengths over 3300 cm™), is
observed (Figure 6.4), weakening the strength of the hydrogen in the network. The plausible
creation of single water molecules leads to the appearance of the so called water defects, as
predicted by MD simulations [7]. In this first phase (Figure 6.8), it appears also possible, as
suggested in [7], the oxidation of phospholipids proportionally to the delivered electric

pulses. In our experiments, very short pulses were used, each lasting 10 ns. At a certain
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point, after the application of the pulses, the created water defects become hydrophilic pores
and an eventual increase of lipid oxidation can concomitantly occurs [34, 35].

To verity the level of lipid oxidation in the bilayer, which can not be directly observed from
the acquired CARS signals, mass spectrometry analysis on exposed and sham exposed
liposomal suspensions was carried out. Lipid oxidation, detected from mass spectroscopy
of our samples and expressed as the ratio between exposed and sham exposed sample
oxidation, is around 1.5. These data evidence a low oxidation of lipid bilayer, which clearly
maintains its structure, as also demonstrated by CARS data, where no alterations in the
choline vibration mode were detected (Figure 6.3 and 6.4). Therefore, for this short
nanosecond pulses, the preponderant phenomenon driving the electropermeabilization
phase, as shown in Figure 6.8, after the end of pulses delivery, is the existence of permanent
water defects, experimentally observed from CARS investigation and further supported by
the long persistence 5-(6) CF release. After the end of electric pulses application, the
phospholipid bilayer becomes a less packed structure with a higher hydration degree. This
phenomenon of permanent water defects, created by the electric field application, is well
observable in our synthetic vesicles, as they do not present any type of recovery process that
whereas occurring in eukaryotic cells, after a certain time. Molecular dynamics simulations
of lipid bilayers demonstrate the formation of nanometer-sized aqueous pores, only during
pulses application. The kinetics of opening and closure of these pores appear to be in the
order of nanoseconds [7]; here we established an experimental proof of water initiating pore
formation and its role at long term. Some recent studies, indeed, hypothesize that water
dipole reorientation, leading to the intrusion of the water molecules into the bilayer,
determines a general disorganization of the bilayer, with various water molecules stacked
up in the membrane interior. This ultimately generates a less packed phospholipid
distribution [8, 36, 37]. High level of membrane disorder was also experimentally observed
in mammalian cells after microsecond pulses application [38]. The mentioned membrane

disorganization was, however, not correlated with loss of cell viability.
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6.6 Conclusions and perspectives

In summary, CARS, employing nanosecond lasers pulses and the properties of our wide
field arrangement microscope and its intrinsic ability to sense complex interferences,
provided us with an appropriate diagnostic tool. Thanks to this set-up, we were able to
observe the spectrum arising from the interfacial and the interstitial water.

The spectroscopic study of liposomes was undertaken in the spectral domain of water
bands. The wide field geometry, presented in this paper, enabled us to obtain CARS images
and spectra of water in the absence of the non-resonant contribution, that originates far from
the object surface. Indeed, the colinearity of the illumination scheme to the collection
direction, along with the scattering at low angles were able to generate strong enough CARS
signal of the thin membranes. This geometry was applied to optically thin objects, like
liposomes, with the aim of studying the chemical phenomena induced by nanosecond
electric pulses. We observed that the interfacial water is present around liposomes. It
dominates the CARS profile at about 3100-3200 cm™. Another set of “O-H” vibrations was
observed at a higher Raman shift (at 3345-3385 cm). Images, drawn from correlation
procedures, were used as a complementary tool for this assignment. After the delivery of
the electric pulses, the interstitial water (which corresponds to the water molecules located
in the membrane at the level of the deepest parts of the phospholipid heads) is much more
affected than the interfacial water (the water located at the surface of the membrane). All
these results bring new information about the electropermeabilized state of the membrane
after the pulses delivery, characterized by a facilitated transport of hydrophilic molecules
across the membrane itself. Indeed, our observations reveal not only that the membrane is
more permeable to the hydrophilic molecules, because of the presence of oxidized lipids,
but moreover that the barrier constituted by the water, organized at the membrane surface,
is broken. In conclusion, our new CARS data, collected by means of an original geometry of
the lasers illumination in a wide field CARS microscope, add new experimental insight into
the understanding of the electropermeabilization phenomenon. The follow-ups of the

interfacial and the interstitial water changes of liposomes, during the electric pulses
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delivery, allow to explain both the increase in the short term and in the long-term membrane
permeability, as driven by water molecules, which alternate the membrane hydration state.
This phenomenon is clearly visible in liposomes as irreversible, due to the absence of
membrane repairing mechanisms. The liposomes permeabilization was also confirmed by
5-(6) CF release up to 24 h after the exposure, evidencing the interest of our results not only
for the basic understanding of the electroporation mechanism, but also for liposomes

possible exploitation in drug delivery, as smart carriers triggerable by electric pulses.

6.7 Supplementary Information (S.1.)
In Figure 6.1 S.I. is reported the calibration curve used to establish the relationship between
fluorescent intensity and concentration of 5-(6) CF. The fluorescence intensity of 5-(6) CF

was found linear in the range of 10¥-10"° mol/l, with a correlation coefficient of 0.999.
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Figure 6.1 S.I. Calibration curve of 5-(6) CF in HEPES buffer solution, with the respective linear
regression.

177



Chapter 6

Through the calibration line we were also able to quantify the ul of 5-(6) CF trapped in the
aqueous core of liposomes for mg of lipid. Specifically, a template was designed to calculate
the molarity of the marker for different lipid concentrations, respectively before and after
the complete destruction of the vesicles with 30% w/v of Triton X-100. An example of the

determination is reported hereafter in Figure 6.2 S.I.

Column Row
A | B C D E 1
Calibration curve 2
Fluorescence (U1.A.)= 2.36E+11°[(5-(6) CF mol1]+3.30E+03 3
Egg PC (mg/ml) in iposomes 0.9 4
5-(6) CF (moll) forliposomes preparation 0.02 5
6
5-(6) CF fluorescence (UL.A.) 5-16) CF (mol1) 7
Egg PC(mg1) tested vesicles df::iiliid vesides d;zt;i‘zli:d 8
0 0 0 0 0 9
45 1.20FE+4 5.44F+04 0.7T1E-08 21TE07 10
8.9 43TE+4 LOGE+)5 LT1E-07 4.3TE07 11
111 542E+HM4 L36E+03 116E-07 5.64E-07 12
134 6.81E+M L59E+05 2.74E-07 6.50E-06 13
14
mol 5-(6) CF f mg Egg PC destroved vesicles 497E-07 REGR.LIN(E®:E13A9:A1%FALSE) 15
mol 5-(6) CF/mg Egg PC vesides Z00E-08 REGR.LIN(D®:D13A%:A13LFALSE) 16
17
mol 3-(6) CF entrapped /mg Egg PC 2.97E-08 E15-B16 18
1 5-(6) CF entrapped /mgEgg PC 1.48E-06 D19°B5 19
pl 5-(6) CF entrapped 'mgEgg PC 1.48 D20™1E+06 2

Figure 6.2 S.I. Template used to calculate the capture 5-(6) CF volume in the aqueous core of
liposomes prepared in HEPES, by means the linear regression method.
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Chapter 7

7.1 Abstract. Since the advent of nanotechnology revolutionized drug delivery in terms of improving
drug efficacy and safety, both polymer-based and lipid-based drug-loaded nanocarriers demonstrated
clinical benefit to date. However, to address the multifaceted drug delivery challenges ahead and
further expand the spectrum of therapeutic applications, hybrid lipid-polymer nanocomposites were
designed to merge the beneficial features of both polymeric drug delivery systems and liposomal
technology in a single nanocarrier. Within this scenario, the present project aims to develop novel
hybrid vesicles following the recent strategy of stabilizing liposomes by working on their internal
structure. Specifically, polyethylene glycol-dimethacrylate (PEG-DMA), with different molecular
weight (MW 750 and MW 4000) and degree of hydrophilicity, trapped within unilamellar liposomes
of hydrogenated soybean phosphatidylcholine/cholesterol (HSPC/Chol), was photopolymerized by
UV irradiation, in order to transform the aqueous inner core of liposomes into a soft and elastic
hydrogel. After appropriate optimization of the preparation and gelation procedures of these new Gel-
in-Liposomes (GiL) systems, the primary objective of this work was to analyze the effect of the
molecular weight of PEG-DMA on the principal properties of the hybrid nanosystems. Indeed,
varying the molecular weight of PEG-DMA also its hydrophilic/lipophilic balance is modified; for
this reason, a various localization of the polymer within the structure of liposomes and a different
interaction with their membrane may be expected. Therefore, the effect of the presence of the polymer
and the length of its oxyethylene chain were carefully studied in order to have insight on the stability,
loading efficiency and permeability of GiL respect to conventional vesicles. Finally, preliminary
cytotoxicity studies were performed to evaluate the biological safety of these novel gelled core
liposomes and their suitability as innovative material for potential applications in the field of drug

delivery.

Keywords: hydrogel; hybrid lipid-polymer nanocarrier; gelled core liposomes; stability; different

molecular weight; membrane properties; drug delivery systems.
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7.2 Introduction

In the field of nanomedicine, phospholipid-based systems and mainly liposomes are
certainly the most investigated platform for drug delivery, due to their wide range of
recognized advantages including good biocompatibility, good biodegradability, low
antigenicity and the unique ability to entrap both hydrophilic and hydrophobic compound.
For these features, in the 1970s liposomes were proposed as interesting and appealing drug
delivery vehicles [1, 2]. Despite all these advantages, pre-clinical and clinical studies, carried
out over the years, highlighted that liposomal delivery systems also have some drawbacks.
Physical and chemical stability issues are one of the main limits in the pharmaceutical use
of these self-assembled lipid vesicles; in particular, liposomes may suffer from poor
mechanical properties depending on susceptibility of the phospholipid composition to
chemical and physical injury, frequently resulting in unwanted burst release of the carried
therapeutic molecule. Even if these issues were not forbidden the clinical use of liposomal
formulations of drugs, it is evident that their overcoming should further empowered
application of liposomes in the pharmaceutical field.

For this reason, various strategies were developed in order to obtain a more efficient lipid-
based carrier with improved drug delivery performance. One of the most applied
approaches to overcome the still unsolved drawbacks consists in the combination of
different biomaterials within the same system. Hybrid phospholipid vesicles, resulting from
the combined self-assembly of both polymers and lipids, attracted particular interest over
the last five years and their appealing features were largely documented in papers and
patents literature [3-19]. Such assemblies may be viewed as advanced vesicular drug
carriers, which join together peculiarity of both polymeric drug delivery systems and
liposomes in a single nanocatrrier.

So far, following this concept, versatility in liposomal surface functionalization to attach
different molecules allowed to change the surface properties of the bilayer.

In particular, the bilayer coating, with water-soluble polymers, permits to increase the

vesicle stabilization against chemical and mechanical stresses. The rationale behind polymer
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coating of liposomes is to increase their physical resistance. One of the first successful
demonstrations of the use of polymers for liposome stabilization was reported by
Papahadjopoulos and co-workers [20], who incorporated glycosylated phospholipids to
increase blood circulation time of liposomes. Building on this success, Klibanov and
coworkers [21] grafted polyethylene glycol (PEG) polymers on the surfaces of liposomes to
obtain the so called “Stealth Liposomes”, resulting in less macrophage cellular uptake and
therefore prolonged blood circulation times.

More recently, it was shown that the stability of liposomes can be enhanced working on the
internal structure of liposomes, with the aim to convert the aqueous inner core into a soft
and elastic hydrogel [22]. In this perspective, a lot of research was focused on the gelation
of the precursor component entrapped in the vesicle core.

In the pioneering works on hydrogel-liposome assemblies, phospholipid vesicles were
employed only as a nanoreactors to control the diameter of the hydrogel nanoparticles
formed in the core [23]. After polymerization of the liposome-encapulated monomer, the
surrounding lipid bilayer was removed, for the nanohydrogel recovering, and the hydrogel-
liposome assembly is destroyed.

Since this initial work, several studies had been emerging, investigating the properties of
the hydrogel-liposome assemblies in toto. These hybrid structures showed attractive
features and structural properties, which could be used to design appealing new drug
delivery systems. Particularly, the inner nanogel core can offer mechanical support to the
surrounding membrane mimicking the elastic protein network of the cytoskeleton in the
cells. Therefore, to form a polymeric gel within the core of liposomes can be a key step in
the design of innovative and more stable phospholipid-based delivery systems [24].

The inner hydrogel can serve as diffusion-controlling barrier, which may allow bioactive
molecules to be released first from the hydrogel matrix, then from the liposomal bilayer
coating, in a controlled manner over an extended period. Moreover, the interactions

between polymers and phospholipid constituents can alter the thermotropic phase
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behaviour of liposome membrane and in this way, it may prevent any unwanted drug

leakage, due to membrane destabilization consequent to local defects.

Spherical structures, made of a hydrogel-core, coated with a lipid bilayer, can be obtained
by anchoring the lipid bilayer on the surface of preformed hydrogels after mixing, as in
lipobeads [6, 8, 10], or by cross-linking encapsulated hydrophilic monomers inside the inner
core of liposomal vesicles [16, 25, 26]. Based on the assembling procedure used, final
spherical hydrogel/lipid bilayer structures, of similar narrow dimensional distribution but
dissimilar in size, are obtained. In particular, only the second approach allows obtaining
nanosized gel in liposome assemblies. Therefore, in this way, novel gel-stabilized liposomes
for the development of realistic drug delivery carriers, with improved stability features, can
be prepared. The first lipid vesicles filled with a hydrogel was reported by Torchillin in 1987
[27]; in this pioneristic work a successful polymerization of the encapsulated hydrophilic
monomers within liposomes, by UV irradiation, was proposed. Aim of that work, was to
overcome the poor stability of the liposome vesicles; pre-gel components and hydrogel,
presumably, could play a crucial role in the stabilization of the phospholipid bilayer.
Particularly, hydrogel could be considered as the cytoskeleton supporting the bilayer,
enhancing the structural strength of the liposome vesicles. In addition, both the hydrogel
and the bilayer can be considered a diffusional barrier to the flow of the drug and,

synergistically, they can regulate the drug release.

Within 30 years of experimentation, the research on gel-core liposome resulted in numerous
studies on the interactions between hydrogels and liposomes.

Petralito and coworkers successfully prepared hydrogel-in-liposome nanoconstructs,
demostrating that the hydrophilic monomers-phospholipid interactions existing in the new
Gel-in-Liposome (GiL) system [24].

For the design of GiL, in particular, a polyethylen glycol-dimethacrylate (PEG-DMA)
hydrogel core was formed inside liposomes, through UV-initiated free radical
polymerization of PEG-DMA monomers. The authors demonstrated that the obtained inner

hydrogel network, within the hybrid construct, affects the permeability properties of the
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lipid bilayer around the modified aqueous core. Thus, the polymeric nanogel-lipid
interaction resulted in a modified release behaviour of the newly GiL systems, respect to
conventional liposomes, limiting any unwanted leakage of the encapsulated molecules.

With the aim to better understanding the behaviour of the GiL system and in order to
optimize the drug release profile from such hydrogel/liposome complex systems, here a
novel hybrid lipid-polymer nanocomposite is proposed. Specifically, PEG-DMA, at two
different molecular weights, was first encapsulated within unilamellar vesicles made of
hydrogenated soybean phosphatidylcholine and cholesterol. Then it was converted into a
hydrogel by UV-initiated free radical polymerization. An accurate and optimized
experimental set-up was used to evaluate the properties of the newly produced GiL carrier,

compared to conventional ones.

7.3 Experimental section

7.3.1 Materials

Hydrogenated soybean phosphatidylcholine (HSPC) Phospholipon® 90H from Lipoid
GmbH was kindly gifted by AVG; 5-(6) carboxyfluorescein [5-(6) CF] was obtained from
Kodak; a-cyano-4-hydroxycinnamic acid (a-CHCA) and sodium chloride (NaCl) were
purchased from Fluka. Cholesterol (Chol), deuterium oxide (D:20), 1,2-dichloroethane,
chloroform, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), polyethylene
glycol-dimethacrylate (PEG-DMA) MW 750, polyethylene glycol (PEG) MW 4000, 2-
hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (IRGACURE 2959), Triton X-100
(TX-100), Sephadex G-50 medium grade, alumina, dialysis bag made of benzoylated
cellulose (cut-off 2,000 Da), methacrylic anhydride (MA), diethyl ether, 1-methyl-2-
pyrrolidone, sodium hydroxide (NaOH), iron (III) nitrate, ammonium thiocyanate, uranyl
acetate, fetal bovine serum (FBS), L-glutamine, penicillin/streptomycin solution, trypsin, 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT), human insulin,
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dimethyl sulfoxide (DMSO) and phosphate buffer saline (PBS) were purchased from Sigma
Aldrich. Eagle’s Minimum Essential Medium (EMEM), sodium pyruvate and sodium
bicarbonate were obtained from Unimed Scientifica. Bidistilled water, hydrochloric acid
37% (HCI) and ethanol were supplied by Carlo Erba Reagents. Polycarbonate membrane
filters Whatman® (800, 400 and 200 nm) were purchased from Cyclopore Track Etched

Membrane.

7.3.2 PEG-DMAuo0w0 synthesis and characterization

Polyethylene glycol-dimethacrylate (PEG-DMA) was synthesized by esterification of
polyethylene glycol (PEG, MW 4000) with methacrylic anhydride (MA), following a
previously optimized procedure [28], with microwave irradiation. Briefly, 10 g of PEGuooo
and 4 ml of MA were inserted into a microwave reaction vial. The reaction conditions
provided for a reaction time of 20 min and an irradiation of 100 W, at 100 °C. At the end of
the reaction, the polymer was precipitated by the addition of diethyl ether and the resulting
solid was filtered and then left to dry for 12 h, at room temperature. Subsequently, PEG-
DM Ao was solubilized in 9 ml of chloroform and purified on alumina column to remove
the methacrylic acid produced during the reaction. The eluate was evaporated under
reduced pressure. The purified dry polymer was solubilized in bidistilled water, freezed at
-30 °C in a HETO CT 110 cryostat and lyophilized. The obtained PEG-DMAu0 was stored

in the dark, before its use.

The methacrylation of PEG-DMAuww was evaluated by FT-IR and 'H-NMR analyses. FT-IR
spectra were recorded by performing 64 scans in the range 4000-400 cm™, with a resolution

of 1 cm™, on KBr pellets. 'H-NMR spectra were recorded in D20.

Finally, a MALDI-TOF analysis was performed to quantify the functionalization of the
hydroxyl groups of the starting PEG and to determine the presence of by-products, such as
PEG monomethacrylate and non-functionalized PEG. The instrument is equipped with a N2

laser (A=337 nm) with a pulse width of 2 ns. The ions are accelerated to a potential of 22 kV,
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with a delay time of 400 ns. The spectra obtained are the sum of 256 scans. PEGao and PEG-
DM A0 were solubilized separately in 10 ml of bidistilled water and added with NaCl (100
ul of a 25 mg/ml solution) as an ionizing agent. Subsequently, 20 ul of a-CHCA solution
was added to 20 pl of the polymeric solution (1 mg/ml). Human insulin (MW=5808.6 g/mol)

was used to calibrate the instrument.
7.3.3 Preparation and optimization of Gel-in-Liposome (GiL) system

Conventional thin film hydration method, followed by extrusion, was used to prepare
Conventional Liposome (CL) and Gel-in-Liposome (GIL) systems, as described in [24].
Briefly, HSPC and Chol (1:0.1 weight ratio) were dissolved in the minimum volume of
chloroform (3 ml) and the organic solution was poured into a round bottom flask. The
organic solvent was evaporated under reduced pressure at 60 °C (above the gel-liquid
crystalline transition temperature of the lipids, Tm) to form a lipid film, which was further
dried under high vacuum to remove traces of the organic solvent. The resulting lipid film
was hydrated with 5 ml of HEPES buffer solution (10 mM, pH=7.4) containing a mixture of
PEG-DMA7s0 or PEG-DMAuw (0.8% w/v) and IRGACURE 2959 (0.45 mM). 20 mM of the
hydrophilic fluorescent marker 5-(6) carboxyfluorescein [5-(6) CF] was also added to the
buffered solution. The hydration process was carried out above the Tm of the lipids in a
water bath at T= 60 °C. A final HSPC concentration of 10 mM was obtained. The mixture
was repeatedly extruded at T= 60 °C, through polycarbonate membranes of decreasing pore
size using a thermobarrel Extruder, Lipex Biomembrane (Canada). The extrusion was
repeated until a homogeneous size distribution was achieved (2 times through 800 nm
membranes, 2 times through 400 nm membranes and finally 6 times through 200 nm
membranes). Finally, liposomes were purified using a Sephadex G-50 gel filtration column.
The purification step was carried out with the aim of removing all the not entrapped
material from vesicular structures. Following the same procedure without the addition of
PEG-DMA, conventional HSPC/Chol liposomes were prepared and used as a control. All

liposome formulations were stored at 4 °C and used within two weeks from preparation.
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7.3.4 Gelation of the liposome core

Liposomes formulations, containing PEG-DMA70 or PEG-DM A4, were exposed to UV
irradiation for 30 min, in a Helios Italquartz Photochemical Multirays Reactor (Italy),
equipped with ten, 14 W medium pressure, mercury lamps G15T8-E LAWTRONICS
(Amax=310 nm). Following this procedure, the crosslinking of the polymers inside the lipid

vesicles leads to the formation of GiLuv7s0 and GiLuv4o0 samples.

The UV stability of 5-(6) CF, over the 30 min of radiation time, was verified. To this end,
solutions with different concentration of the marker were treated in the same conditions
adopted for the photopolymerization of PEG-DMA in the two GiL systems. At the end of
the exposure, the emission fluorescence emitted by the marker at 512 nm was recorded, after
excitation at 492 nm. The fluorescence spectrum was compared to that of the not irradiated
control solutions. The stability study was carried out both in the presence and in the absence

of the IRGACURE 2959 radical photoinitiator.

7.3.5 Physicochemical characterization of liposomes

- Dynamic light scattering and {—potential measurements of liposomes and nanogels.

Particle size distribution and C-potential were measured with a Zetasizer Nano ZS90
(Malvern Instruments Ltd., UK). Hydrodynamic diameter and polydispersity index were
evaluated by DLS experiments, whereas C-potential was measured by electrophoretic light
scattering (ELS) experiments. The DLS and ELS techniques used a photon correlator
spectrometer equipped with a 4 mW He/Ne laser source operating at 633 nm. All
experiments were performed at a scattering angle of 90°, at 25 °C. Liposomes samples were
diluted in 10 mM HEPES buffer (pH= 7.4) until a count-rate of about 200 kcps was obtained

to avoid interfering multiple scattering phenomena. The analysis were performed
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immediately after preparation and after photopolymerization, furthermore after
conservation of the samples at 4 °C, in order to evaluate the stability of each formulation
over time. Size, polydispersity index and C-potential values of the liposome formulations
are the mean of three different preparation batches + SD and all the analyses were performed

at least in triplicate.

Crosslinking of PEG-DMA and consequent formation of nanogels were confirmed by DLS
measurements, carried out after removal of the lipid bilayer by addition of TX-100 (30%
w/v). After this treatment, PEG-DMA nanogels were recovered by a Sephadex G-50 gel
filtration column. Similar experiments were also carried out on plain liposomes (not

containing PEG-DMA) and not crosslinked GiL samples.

- Transmission electron microscopy

Transmission electron microscopy (TEM) of GiL, GiLuv and CL samples was performed on
Zeiss EM 10 microscope operating at 60 kV equipped with a Soft Imaging System CCD
camera. TEM observations were carried out after negative staining of the samples. To this
end, diluted liposomes suspensions were dropped onto 200-mesh Formvar copper grids,
then stained with 1% w/v of uranyl acetate solution for 1-2 min. The excess of the uranyl
acetate solution was removed and the samples were dried at room temperature, for almost

30 min before the observation.

- Phospholipid assay

The amount of phospholipids structured to form liposome vesicle in the CL formulation

was determined using a colorimetric method reported in [29]. The assay is based on the
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formation of a hydrophobic thiocyanatoiron-phospholipid complex. Briefly, aliquots (0.4
ml) of phospholipids in 50% v/v of ethanol were mixed with 1 ml of thiocyanatoiron reagent,
previously prepared by solubilizing 0.97 g iron (III) nitrate and 15.2 g of ammonium
thiocyanate in 100 ml of water. The obtained solution was acidified with 0.6 ml of 0.17 N
HCI. The thiocyanatoiron-phospholipid complex was extracted with 3 ml of 1,2-
dichloroethane by vigorous shaking for 2 min in a vortex-type mixer. The mixture was
centrifuged for 5 min at 2000 rpm and the absorbance of the organic lower layer was
measured at 470 nm, using a double beam Lambda 25 (Perkin Elmer, USA) UV-Vis
spectrophotometer. Phospholipid concentration was obtained through a suitable standard

curve previously constructed.

The amount of phospholipids, present in the GiL7s0 and GiLsow suspensions, was indirectly
evaluated, by means of an empirical correlation between the phospholipid amount found
in the samples and the optical properties of the suspensions.This method was developed
knowing that polymer does not interfere with the optical density measurements and
verifying that the average diameter of the lipid-polymer hybrid constructs was similar to

the CL sample diameter.

The optical density (OD) of samples, at different concentration, in the range 20-200 nmol,
was measured at A=436 and 600 nm, and the OD values were correlated with the

phospholipid amount evaluated, as reported above.

- Loading and entrapment efficiency of 5-(6) CF

5-(6) CF stock solution was made by dissolving 5-(6) CF powder in few drops of IN NaOH
solution followed by the addition of HEPES buffer (10 mM, pH=7.4) up to the appropriate
volume. The 20 mM 5-(6) CF fluorescent marker was loaded within the aqueous core of
liposomal vesicles during the thin film hydration phase. The amount of 5-(6) CF entrapped
in the internal aqueous compartment of the lipid vesicles was determined measuring the

193



Chapter 7

fluorescence emitted by the marker at 512 nm, after excitation at 492 nm. To this end,
purified GiL and CL samples were incubated with TX-100 (30% w/v) for vesicles lysis and
the fluorescence was measured, considering that the fluorescence intensity of 5-(6) CF was
linear in the range of 107 - 10 mol/l. Captured volume was defined as pul of entrapped
volume for mg of lipid (see Figure 7.1 and 7.2 of S.I.). All experiments were performed in

triplicate and the results reported as mean + SD.

- Differential scanning calorimetry

Calorimetric measurements were performed using a DSC131 (Setaram, France) scanning
calorimeter. Typically, measurements were performed under nitrogen flow (20 ml/min) by
setting an initial isotherm at 30 °C for 300 seconds, a heating ramp from 30 to 70 °C or 30 to
170 °C and a second isotherm at 70 °C or 170 °C for 300 seconds, respectively for the
measurements performed in hydrated or anhydrous conditions. Samples were obtained by
solubilizing HSPC, PEG-DMA7s0 (or PEG-DM Au40) and cholesterol in the minimum volume
of chloroform (3 ml) into a round bottom flask. The organic solvent was evaporated under
reduced pressure at 60 °C to form a lipid film, which was further dried under high vacuum
to remove traces of the solvent. Aliquots of 5 mg of each dried film were gently scraped
from the flask and weighed in sealable aluminum pans. At least three heating cycles were
performed on each sample and the thermograms were recorded at scan rate of 5 °C/min. An

empty aluminum pan was used as reference.

- Release in vitro of 5-(6) CF

In vitro release profiles of the fluorescent 5-(6) CF marker from hybrid systems, irradiated
and not, were determined at T=37.0 + 0.5 °C and at T=60.0 + 0.5 °C (T>Tm of HSPC), under
magnetic stirring, and compared with the release profile of CL sample. Aliquots of each
sample (1 ml) was diluted 1:100 with HEPES buffer (10 mM, pH=7.4) and the suspension
monitored over time, in order to determine the amount of marker released by the structures.
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At predetermined time intervals, aliquots (3 ml) were sampled and replaced with the same
volume of fresh buffer, maintained respectively at T= 37.0 £ 0.5 °C and at 60.0+0.5 °C,
respectively. Marker concentrations were spectrofluorimetrically determined and the
percentage of 5-(6) CF, released from the different liposome suspensions, was calculated
using the Equation 7.1.

(It B IO)

5—(6) CF released (%) = (I—I) 100 (7.1)
max ~ 10

where: [, is the initial fluorescence intensity of 5-(6) CF loaded; I; is the fluorescence
intensity measured at time £; I,,,,, is the fluorescence intensity after the complete lysis of the
liposomal vesicles with TX-100.

At the end of the release study, all samples were characterized by DLS measurements to
verify vesicles integrity, and finally the residual amount of the dye still present within the

liposomal core was recovered. All experiments were performed in triplicate

- Interaction process of TX-100 with liposomes

The ability of the surfactant TX-100 to interact with GiL structures was studied and
compared with CL, in order to test the stability of the hybrid nanocarriers. Aliquots of 3 ml
of GiL70 and GiLaoo, after UV irradiation, were mixed with opportune volumes of TX-100
(0.1% w/v), at sublytic concentration. The systems were equilibrated for 10 min at 37.0+0.5
°C. Then, the interactions between vesicles and TX-100 were monitored by continuous
measurement of the fluorescence emitted by the hydrophilic marker, over 30 min. At the
end of the analysis, a lytic concentration of TX-100 (30% w/v) was added to the suspensions,
thus allowing to determine the maximum content of 5-(6) CF in each sample. The percentage
of 5-(6) CF, released from the different samples, following the mechanical destabilization
mediated by TX-100, was calculated using the Equation 7.1. All the experiments were

performed at least in triplicate.
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- In vitro evaluation of biocompatibility

- Cell culture

The human fibroblast cell line (WI-38) was purchased from American Type Culture
Collection (ATCC® CCL-75™ —Milan, Italy). The cells were grown in EMEM, supplemented
with FBS (10% v/v), L-glutamine, sodium pyruvate, sodium bicarbonate, HEPES, penicillin
(100 U/ml) and streptomycin (100 pg/ml). Fibroblasts were sub-cultured 1:3 in 25 cm? flasks,
maintained at 37 °C and 5% of CO: in a humidified environment, and the medium was
renewed two times a week, as recommended by the supplier. For the experiments, cells were
seeded in 24-well plates at a density of 3 x 10* cells/well. After 72 h, cells (about 80%
confluent) were exposed to different concentrations of GiLuv 750 and GiLuv 4000 for 24, 48 and

96 h.

- Cytotoxicity test

The MTT assay (index of mitochondrial function) was used for cytotoxicity evaluation. The
test is based on the conversion of the tetrazolium salt MTT to an insoluble purple formazan
by mitochondrial dehydrogenase enzymes of living cells. MTT was performed as previously
described [30]. Briefly, 5 mg/ml of MTT was added to each well and, after 80 min of
incubation period, the medium was removed and 250 pl of DMSO was added. The 24-well
plate was shaken for 5 min, and the absorbance of the converted dye was measured by a
molecular device kinetic microplate reader (Bio-Rad, Hercules, USA), at a wavelength of 595
nm. All data were expressed as mean + SD of two independent experiments, carried out
using six replicates. Statistical comparison was performed using the Student’s t-test and p

<0.05 was considered statistically significant.
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7.4 Results and Discussion

7.4.1 Preparation and characterization of GiLzs0 and GiLaooo

The objective of this study was to prepare a liposomal carrier with a gelled core, aiming for
a modification of the release rate of any encapsulated drug and for an improvement of the
vesicles stability. In order to get these aims, polyethylene glycol-dimethacrylate (PEG-
DMA), at two different molecular weights (MW 750 and 4000), was used as gel-forming
material to prepare Gel-in-Liposome (GiL) carriers, via UV initiated free radical
polymerization of the polymer entrapped into the vesicles. The entrapment of the polymer
was achieved during the vesicles formation, obtained via the thin lipid film hydration,
followed by extrusion and size esclusion chromatography (SEC) purification. Table 7.1
shows the amounts of HSPC, Chol and PEG-DMA MW 4000 or MW 750 used to prepare the
polymer-lipids hybrid vesicles. The polymer/lipid weight ratio was varied from 0 to 2. Both
PEG-DMA, at a 1:1 polymer/lipid weight ratio, lead to the formation of vesicles, whereas

the employment of higher amounts of PEG-DMAuuo resulted in aggregates.

Table 7.1. HSPC/PEG-DMA weight ratio for the preparation of GiLioo and GiLzso.

HSPC Chol PEG-DMA PEG-DMA  HSPC/PEG-DMA

mg  (mg  (mg) (MW) (wiw) Note
40 4 20 4000 1:0.5 Vesicles
40 4 40 4000 1:1 Vesicles
40 4 50 4000 1:1.25 Aggregates
40 4 80 4000 1:2 Aggregates
40 4 20 750 1:0.5 Vesicles
40 4 40 750 1:1 Vesicles
40 4 50 750 1:1.25 Vesicles
40 4 80 750 1:2 Vesicles

Regardless of the molecular weight differences, after extrusion and SEC purification of the
multilamellar vesicles containing gel-forming material, the obtained unilamellar samples,

with both PEG-DMA at a 1:1 polymer/lipid weight ratio, presented almost similar
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hydrodynamic diameter and monomodal size distribution curves, with a polydispersity

index lower than 0.150 (Table 7.2).

Table 7.2. The amount of HSPC, Chol, PEG-DM A4 and PEG-DMA7sused to prepare CL, GiLaooo
and GiL7no systems are reported. Physical characterization was performed in terms of
hydrodynamic diameter (Z-average), PdI values and C-potential values of liposomes embedding
not polymerized PEG-DMAu and PEG-DMA70as compared to the control CL.

HSPC Chol PEG-DMA PEG-DMA Size PdI €-potential
(mg) (mg) (MW) (mg) (nm) (mV)
40 4 - 0 1921 +83 0.11+0.01 95+14
40 4 4000 40 206.3+3.5 0.09+0.09 -13.1+0.9
40 4 750 40 201.7+17.2  0.05+0.02 -16.1+£3.3

Furthermore, the amount of structured lipid, in both cases, was about 80%, which is only
slightly lower than the value obtained for conventional HSPC/Chol liposomes (90%).
Irrespective of the polymer properties, {—potential values of SEC-purified hybrid liposomes
were more electronegative with respect of the value obtained for control HSPC/Chol
liposomes. According to the {-potential results, we hypothesized that the ability of the gel-
forming material to interact with the chain-melted solid state lipid bilayer, during vesicles
formation, was not neglectable. It is likely that PEG-DMAuw can diffuse or aggregate within
the plane of the membrane, remainig localized predominantly in the inner aqueous core of
the GiL. More so, some amount of PEG-DMA7s, considering its lipophilia, might have insert
in the bilayer, during the hydration step, and protrude onto the surface of liposomes. To
confirm this hypothesis, DSC measurements were performed in order to evaluate the effect
of the polymer on the thermal properties (transition temperature and the magnitude of heat
capacity of the peak) of the bilayer.

In Figure 7.1 are reported the thermograms of plain HSPC/Chol, HSPC/Chol/PEG DM Ao
and HSPC/Chol/PEG DMAr mixtures. The liquid-ordered phase L0, associated to
HSPC/Chol 1:0.1 weight ratio mixture, contains fast diffusing lipids, with their acyl chains

all in the trans configuration, similar to the gel phase.
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Figure 7.1. Thermotropic phase behaviour of the hydrogenated soybean phosphatidylcholine-
cholesterol and PEG-DMAu00 or PEG-DMA 75 mixture, at scan rate 5 °C/min, in the temperature
range 30-70 °C.

PEG-DMAuo and PEG-DMAz7s0, both at 1:1 HSPC/polymer weight ratio, induced peak
broadening and decrease in the transition enthalpy, associated to HSPC/Chol transition
temperature. From these thermotropic results, it seems evident that a partial interaction of
the gel-forming precursors with the bilayer occurs during the vesicles formation. In fact,
compared to plain HSPC/Chol mixture, the presence of the polymer seems to increase the
phosphate-to-phosphate distance across the bilayer. As a consequence, a reduction of the
relatively fast lipid lateral diffusion of the acyl chains of HSPC/Chol mixture was obtained,
the interaction of the hydrophobic chains of the phospholipids becomes less cooperative
and the intensity of HSPC/Chol calorimetric peak decreases and broadens. These findings
suggest that, although the PEG-DMA, in a 1:1 weight ratio with the lipid, decreases less
the conformational motions of the acyl chains, respect to PEG-DMA7s0 in a 20:1 weight ratio
[24], the polymer can modify the bilayer structure. In particular, at this 1:1 weight ratio,

despite its greater lipophilia, with the respect of PEG-DM Ao one, PEG-DMA7s0 could be in
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part confined in the vesicular aqueous core, in the same way of the precursor at higher
molecular weight. Therefore, a 1:1 HSPC to PEG-DMA7s0 weight ratio was considered in the
following experiments, since it is seemed the most suitable quantity for comparative studies

with PEG-DMAuoo-liposomes hybrids.

The nanosystems studied were loaded with a fluorescent marker, 5-(6) CF, able to mimic
the behaviour of a hydrophilic drug, in order to evaluate the release properties of the hybrid
liposomal vesicles, compared to conventional ones. The encapsulation efficiency (EE) of the
marker in the control and in the polymer modified liposomes was evaluated by fluorescence
spectroscopy. Control liposomes showed a trapped volume of 2.11 +0.28 ul of 5-(6) CF/mg
HSPC. In the presence of PEG-DMA, irrespective from its molecular weight, the EE slightly
decreases, most likely for the polymer presence in the inner core of the structures.

The use of phospholipid/polymer 1:1 weight ratio allowed the passive loading of the
fluorescent probe, during the hydration step of the thin lipid film hydration method. On
the contrary, previous results, from this research group, showed that the use of a 1:20 HSPC/
PEG-DMA7s0 weight ratio required a marker active loading into preformed liposomes,
driven by a transmembrane pH gradient [24]. These results are particularly interesting
because, while the active loading of drugs into liposomes is a well-established loading
technique, it can not be generally applied, since it can be successfully applied only to
ionizable molecules. Non-ionizable drugs into preformed liposomes result in poor loading
efficiencies, thus a passive loading, in this case, could be the only one chance to succeed.
Dynamic Light Scattering (DLS) measurements, conducted on vesicular systems loaded
with the 5-(6) CF, were similar, in terms of size and surface charge, to those of empty
liposomes (data not shown).

After the purification of the vesicles, PEG-DMA was photo-polymerized by exposure to UV
irradiation for 30 min. The results showed that the photo-polymerization step preserved the
vesicular integrity, without leading to significant changes in the mean diameter and size
distribution of GiLuv liposomes, as reported in the Table 7.2, respectively for embedding

not-polymerized PEG-DM A4 and PEG-DMA7so.
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TEM analysis, carried out on conventional and PEG-DMA modified liposomes, before and
after photo-polymerization, did not evidence any morphological changes due to the
polymer introduction and its subsequent polymerization (Figure 7.2), in comparison with
conventional vesicles. Moreover, TEM images highlight morphological difference between
irradiated and non-irradiated hybrid structures, suggesting that UV irradiation can
effectively lead to the polymerization of the PEG-DMA70 and PEG-DMAuwo methacrylic

groups, with consequent polymer cross-linking and formation of a gelled core.

PEG-DMAyggo

A

GiLyy 750

PEG-DMA;35,

Figure 7.2. Morphological characterization by TEM. Effect of the presence of PEG-DMAu0 and
PEG-DMA7s0 on vesicles morphology, before and after UV photopolymerization, compared to
samples. Samples were stained with uranyl acetate.

Since the photo-polymerization process was performed on vesicles entrapping the dye, a

photostability study of the 5-(6) CF, after UV irradiation, was necessary. The graph, reported
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in Figure 7.2 of the S.I. of this paper, suggests that the photo-polymerization step does not
significantly alter the fluorescent properties of the dye, both in the presence and absence of
the IRGACURE 2959 radical photoinitiator. The study of the probe photochemical stability
became an integral part of the characterization, because provides information on the
possibility of carrying out a direct loading of an active molecule, exceeding the limits of a
loading onto preformed vesicles [24].

The average size, size distribution and {—potential of the GiLuv remained unaltered for at
least 14 days, when stored at 4 °C, as evaluated by DLS measurements (data not shown).
Furthermore, polymer within liposome structures allows to delay the flocculation process
that generally occurs in conventional liposomal suspensions, during storage at 4 °C.

As evident from the Figure 7.3, after 14 days from vesicles preparation, samples, stored at 4
°C, show a different behaviour. In GiLuv structures the presence of the polymer prevents
the phase separation, while the conventional liposomes exhibit an evident flocculation.
Since nanocarriers colloidal stability can be enhanced through the addition of small amounts
of polymer to the external medium, we can speculate that a small amount of PEG-DMA
could be stick out from the vesicles into the bulk, avoiding the typical liposomes
coagulation. This is also confirmed by the {-potential values of gel-core-liposomes, already

reported in Table 7.2.
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Figure 7.3. Different colloidal stability of CL (A), GiLuv 7o (B) and GiLuv o (C), after 14 days from
the liposomes preparation. All samples were stored at 4 °C.

In order to confirm the polymerization of PEG-DMA and the formation of nanogels, the
lipid bilayer of the vesicles was removed with the non-ionic detergent TX-100. After the
addition of lytic concentrations (2.45 mol/l) of TX-100, the treatment results in a stable
dispersion of mixed micelles, before UV exposition. Before UV crosslinking, indeed, a
polymeric solution is contained within the vesicles core and, after removal of the
phospholipid bilayer, PEG-DMA was diluted in the external bulk, as indicated by the

disappearance of the peak at 200 nm (Figure 7.4), in the same way of plain control liposomes.
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Figure 7.4. Size distribution by intensity: comparison between CL, GIL70and GIL4o00 systems
before and after treatment with TX-100. At 10 nm is shown the typical peak of mixed micelles,
resulting from the complete removal of double lipid layer.

Instead, after photo-polymerization, the lytic treatment results in a stable dispersion of

mixed micelles and PEG-DMA nanogels; the addition of TX-100 to the crosslinked PEG-

DMA modified liposomes, removes, in fact, the external lipid layer, while preserves the

spherical structure of the nanogels formed within the liposomes (Figure 7.5).
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Figure 7.5. Size distribution by intensity: comparison between CL, GILuv7s0and GILuv 4000 systems
before and after treatment with TX-100. After the addition of TX-100, the polymerized
formulations show the typical peak of mixed micelles (10 nm), as a consequence of the complete
removal of the double lipid layer, and an extra peak at 200 nm, resulting from the formation of
nanohydrogel.

Note that the peak scattered intensity from the nanogels is about 5% fold weaker than that
from the GiL, which means that the number density of nanogels is low compared to the
liposomes. Further, to confirm gel formation, after TX-100 treatment, the nanogels were
recovered from the dispersion by SEC purification and analyzed through DLS and TEM, for
mean diameter and morphology respectively. Results reported in Figure 7.6 show that
nanogels have a mean diameter of about 210 nm, thus slightly larger than the template
liposomes. This evidence can be due in part to their tendency to swell in solution, when they
are not confined by the phospholipid bilayer. Overall, however, the sizes of the two
structures (MW 4000 or 750) are quite comparable. In addition, the nanogels were directly
characterized by microscopic observation using TEM. TEM images of PEG-DMA nanogels
presented in Figure 7.6 early prove the hollow sphere morphology of the pure polymer
particles. Nanohydrogels preserve their spherical shape also when they are not confined by
the phospholipid bilayer. Apparently, the crosslinking density of the polymer network
structures reflects the difference of the molecular weight of the monomers used to form the
hydrogel. Particularly, morphology is correlated to PEG-DMA interaction with templating
vesicles. Portion of the monomers MW 750, solubilized in the bilayer, is polymerized, while
intra-core aliquots plays only a minor role on the nanohydrogel formation (Figure 7.6, B). In
the case of the monomers MW 4000 (Figure 7.6, C), both the portion aliquots, interacting
with the bilayer and the intra-core, seem to be involved in the structuring of the polymeric
network. This difference, probably, is due to the higher hydrophilicity of the PEG-DMAuo,

which results in a greater distribution in the aqueous core with respect to the PEG-DMAuso.
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Figure 7.6. Morphological characterization by TEM of mixed micelles (A), PEG-DMAso
nanohydrogel (B) and PEG-DMAumw nanhydrogel (C), obtained after treatment with lytic
concentration of TX-100, respectively from CL, GILuv7soand GILuv 4000. The structural aspect of gel
in the core of liposomes depends on physical-chemical characteristics of the polymer.

7.4.2 Stability studies of GiLuv with TX-100

To obtain a deeper understanding of how the hydrogel, in the hybrid structures, can modify
the properties of the conventional vesicles, our strategy was to use sub-lytic concentrations
of the non-ionic surfactant TX-100, in order to have informations about the physical
properties of the GiL membrane.

When the detergent is present at sub-lytic concentrations, liposomal vesicles retain their
structural integrity, but the integration of the detergent within the membrane changes their
structure and properties. In particular, the intercalation of the surfactant molecules into the
bilayer alters phospholipid packing, with consequent modification of the membrane
permeability and induced release of the entrapped dye. In fact, the diffusion of 5-(6) CF,
across phospholipid bilayers, first depends on the lipid composition, but it can also be
influenced by the presence of non-lipid components within the vesicle membrane, such as
PEG-DMA in GiL systems. Specifically, depending on the molecular weight, PEG-DMA can
assume different arrangements within the lipid vesicles, and, in this way, it could give a
different resistance to the membrane against the penetration of TX-100 into the outer
monolayer and its trans-bilayer diffusion towards the inner leaflet.

Therefore, the fluorescence of 5-(6) CF was continuously monitored over time in presence

of sub-lytic concentrations of TX-100 (results are reported in Figure 7.7).
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No significant marker release was detected before the detergent addition for both CL and
GiL systems (data not shown), but when amounts of 1.6E-03 M of TX-100 were added, in a
stepwise manner, to 3 ml of liposomes suspension, maintained at 37.0+0.5 °C under stirring,

a release of 5-(6) CF occurs.
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Figure 7.7. Mechanical destabilization studies of CL, GILuv 70 and GILuv 40 induced by the non-
ionic surfactant TX-100, at sub-lytic concentration, until three additions.

In particular, it can be observed that for CL sample, around 10% of the marker is released
from the vesicles after the first addition of TX-100. The effect of the surfactant is almost
instantaneous, in fact, the fluorescence intensity and so the marker concentration rapidly
reaches a constant value. At the same surfactant concentration, the amount of marker
released from the GiL structrures is always lower than CL, probably due to the presence of
the polymer, which hampers the surfactant penetration into the vesicle membrane, the
consequent deleterious effect of the detergent and the marker release. Similar results were

obtained with further additions of TX-100 (Figure 7.8).
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However, it can be observed that at a certain lipid/TX-100 molar ratio (1:5) the instantaneous
release of the fluorescent marker is followed by a continuous slow leakage, particularly

evident for GiLuv7s0systems.
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Figure 7.8. Mechanical destabilization studies of CL, GILuv 750 and GILuv 4000 induced by the non-
ionic surfactant TX-100, at sub-lytic concentration, until the total release of dye entrapped in the
core of liposomes.

We assume that the bilayer perturbation, induced by the non-ionic surfactant, can be
influenced by interaction of PEG-DMA with lipids (phospholipids and cholesterol)
composing the membrane. The presence of the polymer may affect packing of the lipids and
the consequent permeability of the membrane, with a potential final effect, for PEG-DMA7so
and PEG-DMAu, dependent on the different balance between the hydrophilic and
hydrophobic portions of the two polymers. In fact, the presence of PEG-DMA within the

membrane may sterically hinder the penetration of surfactant molecules within the bilayer,
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contributing to the enhanced mechanical stability of the resulting hybrid systems. This effect
is especially evident after the first two additions of TX-100.

On the contrary, after the third surfactant addition a different effect is observed particularly
for GiLuv7sosystems. It is probable that, in the presence of the polymer, a non-homogeneous
distribution of the molecules of TX-100 is obtained within the phospholipid bilayer. In these
domains of the bilayer the detergent/lipid ratio reaches a high value, with a consequent
prominent increase of the local permeability of the membrane, responsible for the
continuous slow release of the liposomal payload. This effect is less evident with PEG-
DM Ao, probably due to the predominance of the hydrophilic portion, which may form a
more uniform superficial corona, which better prevents the penetration of the surfactant
and is responsible for a fewer release of the entrapped dye. Instead, PEG-DMA7s may form
more localized clusters and expose some regions of the bilayer to the TX-100 attack, where
high detergent/lipid ratios are reached.

Overall, these results suggest that the addition of non-lipid components to liposomes may
represent an interesting strategy for the modification of the structural and mechanical

properties of the bilayer.

7.4.3 Release study in vitro of 5-(6) CF

The effect of the hydrogel presence, within vesicles, on the release of the encapsulated
marker, was investigated, by studying the fluorescence dequenching of the 5-(6) CF from
GiL, before and after UV polymerization and was compared with that of the control
liposomes.

Results obtained (Figure 7.9), thermostating the systems at 37 °C, showed that hybrid
systems release the 5-(6) CF for a prolonged period of time, respect to the conventional

vesicles.
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Figure 7.9. 5-(6) CF release studies from CL, GiL7s0 and GiLaooo, before and after UV irraditation, at
37 °C. Results were plotted reporting the percentage of fluorescent marker released as a function
of time. Values are the mean of three independent experiments + SD.

The rate release of the marker seems to be controlled by two diffusion processes: the
diffusion through the meshes of the soft polymer hydrogel; the diffusion through the
phospholipid bilayer. Perm-selectivity of the membrane can be controlled by the
modifications caused from gel precursors on the lipid organization of hybrid structures. In
turn, the ability of the gel- forming material to interact with the chain-melted solid state of
the lipid bilayer, during vesicles formation, depends on the polymer grade of lipophilia. By
changing molecular weight and, thus, the lipophilia of the polymer, it can be possible to
alter the 5-(6) CF diffusion across the membrane. In fact, also before the cross-linking
process, the major distribution of the PEG-DMA7 into the bilayer leads to a significant
slowdown in the probe diffusion from the core of GiLo to the bulk of suspension, respect
to GiLsooo, despite the fact that, in both cases, the hydrogel was not already formed. Although
these results, highlighted the different release profiles of the hydrophilic marker for CL,

GiL70 and GiLawo, before and after the polymerization, they proved to be not the best
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experimental conditions. In fact, below the Tm, the investigations required more than a
week to appreciate the different dye percentage released by the liposomal structures. This
in accordance with the well know thermotropic behaviour of the investigated bilayer
(Tm=52 °C), that, at 37 °C, is all in a sealed ordered state and so less prone to a spontaneous
leakage.

To solve this problem, release studies were conducted at T=60 °C, above the main phase
transition temperature of the lipid.

The release profile of GiL systems, illustrated in Figure 7.10 (A), supports what already
observed in Figure 7.8: polymeric additional components, assembled within the hybrid lipid
vesicles, modify the membrane permeability properties, probably interfering with the
thermotropic characteristics of the lipid mixture. At 60 °C, HSPC/Chol mixture is in a liquid-
crystalline phase that exhibits an increased permeability to the diffusion of the drug. CL
sample, in fact, release almost the 90% of 5-(6) CF, already after 2 h. On the contrary, GiL
systems after 8 h still retain about the 40% of their vescicular content.

After the UV irradiation, GiLuv 70 and GiLuv 4000 structures exhibit once again a prolonged
release of 5-(6) CF, respect to the conventional liposomes (Figure 7.10, B), but, in this case,
an initial slight inversion in the GiL release trends can be noticed.

We hypothesized that the explanation of this inversion of behaviour, between the GiLuv
structures, could be linked to the morphology of the two hydrogels. In Figure 7.6 (B) is
shown how in the GiLuv 70 the nanohydrogel is less densely packed in the central portion,
respect to the nanohydrogel in the GiLuv 0. The lower presence of cross-linked polymeric
chains in the core of the liposomes, could determine a lower ability to retain the probe in
the vesicles. Hence, both the two diffusion processes, previously mentioned (the diffusion
through the meshes of the hydrogel and the diffusion through the phospholipid bilayer) are
facilitated. This evidence becomes more clear especially when the bilayer is in a crystalline
liquid phase; in fact, in addition to the minor contribution of the PEG-DMA7s0 hydrogel on
the release, the diffusion of the probe is less hindered also because the perm-selectivity of

the membrane increases when the temperature is above the Tm of the lipid. In the case of
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PEG-DMAua, instead, both the polymer portion in the bilayer and in the core seem take
part in the structuring of the hydrogel (Figure 7.6, C). Therefore, the precence of a thick
network of polymeric chains makes GiLuv, although the increased fluidity of the bilayer

linked to the temperature, more able to hold the probe.
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Figure 7.10. 5-(6) CF release studies from CL, GiL7o and GiLao, before (A) and after (B) UV
irraditation, at 60 °C. Results were plotted reporting the percentage of fluorescent marker
released as a function of time. Values are the mean of three independent experiments + SD.
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To support the data release and have insight onto the interactions between the polymer and
the phospholipid membrane, we performed DSC measurements in anhydrous conditions,
since the presence of water molecules could mask the real packing state of the
HSPC/Chol/PEG-DMA bilayer. As shown in Figure 7.11 the same quantity of polymer, at
the two molecular weight, affects the membrane organization capacity in a different way.
On one side, the PEG-DMA7s, thanks to its affinity for the hydrophobic component, can
originate homogeneous bilayer structures consisting of lipids and polymer chains. Thus, the
polymer plays an important role in modifying the thermotropic properties, but also the
permeability of the membrane. On the other side, PEG-DMAuo confirms its lowered
integration in the bilayer, not causing the disappearance of the peak at about 78 °C, which
is commonly associated to “cholesterol-rich domain” (the peak at 91 °C is associated to the
“cholesterol-poor domain”). Therefore, in HSPC/Chol/PEG-DMAuww systems, the

thermotropic behaviour is mainly determined by the presence of cholesterol.
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Figure 7.11. Thermotropic phase behaviour of the hydrogenated soybean phosphatidylcholine-
cholesterol (purple line) and PEG-DMAU7s0 (green line) or PEG-DMAuow (light blue line) mixture,
at scan rate 5 °C/min, in the temperature range 30-170 °C.

Anyway, the slight shift of the main transition temperature of the hybrid bilayers, towards
higher values, suggests that the lipid-polymer interactions stabilize the phospholipid

membrane in the ordered phase.

The high mechanical stability and reduced permeability of GiL carriers can be viewed as
both positive factor, in particular when a controlled diffusion of drugs through the carrier

is required.

7.4.4 Cytotoxicity studies

The effect of GiLuv7so and GiLuv4o0 on the mitochondrial function of human fibroblasts, WI-
38, was assessed by the MTT reduction test. According to the results reported in Figure 7.12
the hybrid vesicles did not provoke any inhibition of WI-38 proliferation, over the
concentration range tested, with the exception of the effect of the highest concentration of
PEG-DMA7s and only after 96 h of exposure. However, even if statistically significant
(p=0.04), that decrease could be considered not biologically relevant as the reduction in cell

viability was less than 22%.
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Figure 7.12. MTT assay performed on WI-38 human fibroblasts at 3 different time points: 24 - 48 -
96 h. Cells were kept in contact with different concentrations of GILuv 750 and GILuv 4000, ranging
from 0.008 to 1 pug/ml. CL samples were used as control.
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7.5 Conclusions

PEG-DMA, with different molecular weights and degree of hydrophilicity, HSPC and Chol
were combined in appropriate weight ratio in order to obtain GiL hybrid vesicles. The
presence of the polymer allowed, upon UV irradiation, the conversion of the aqueous inner
core of vesicles into a hydrogel, which did not affect the size and morphology of the novel
constructs, respect to the traditional liposomes. The HSPC/PEG-DMA weight ratio,
investigated in this work, permitted the direct probe loading during the vesicles formation.
The entrapment efficiency of the fluorescent marker was slightly reduced by the presence
of the nanohydrogel, whose effective formation in the vesicles core was confirmed by
measurements of DLS and TEM, performed after the complete removal of the bilayer. The
interactions of the polymer with the liposomal bilayer, compatibly with its lipophilicity,
alter the organization of the GiL membrane, with respect to the conventional structures.
Specifically, the nanohydrogel seems to modify the bilayer in a more stable and tightly
packed membrane. Consequently, the GiL nanocarriers were more resistant than
conventional liposomes against a mechanical stress, avoiding any unwanted leakage of the
encapsulated compounds, due to defects provided by the possible insertion into the bilayer
of surfactants and proteins in vivo conditions. Furthermore, the probe diffusion is modified
by the presence of the polymeric network. It highlights the possibility of having, with GiL
systems, a greater control on the release properties, feature often required in the field of
drug delivery. In conclusion, these novel hybrid GiL structures, characterized by enhanced
stability, modified release properties and good biocompatibility, can be considered an

evolution of the liposomal structure, as well as an effective future drug delivery system.
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7.6 Supplementary Information (S.1.)

In Figure 7.1 S.I. is reported the calibration curve used to establish the relationship

between fluorescent intensity and concentration of 5-(6) CF.
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Figure 7.1 S.I. Calibration curve of 5-(6) CF in HEPES buffer solution, with the respective linear
regression.

Through the calibration line we were also able to quantify the pl of 5-(6) CF trapped in the
aqueous core of liposomes for mg of lipid. Specifically, a template was designed to calculate
the molarity of the marker for different lipid concentrations, respectively before and after
the complete destruction of the vesicles with 30% w/v of TX-100. An example of the

determination is reported hereafter in Figure 7.2 S.I.
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Column Row
A | B C D E 1
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1 5-(6) CF entrapped /mg HSPC 133E-06 D19°E5 19
il 5-(6) CF entrapped /mg HSPC 153 D20"1E=06 20

Figure 7.2 S.I. Template used to calculate the capture 5-(6) CF volume in the aqueous core of
liposomes prepared in HEPES, by means the linear regression method.

The results of the photostability study, through which it was possible to confirm the non-

influence of UV irradiation on the fluorescence probe and the possibility of the probe

direct loading in liposomes, are reported below (Figure 7.3 S.1.).
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Figure 7.3 S.I. Study of the influence of the UV irradiation on the fluorescent marker 5-(6) CF.
The emission spectra of the probe, at A=512 nm, pre and post- UV exposure, were recorded in the
presence and in the absence of the IRGACURE 2959 radical photoinitiator (Aex= 492 nm).
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Summary and Conclusions

Summary and Conclusions

As whole, this Ph.D. thesis, focused in the nanomedicine panorama, wants to be a
multidisciplinary and multiscale approach for the investigation on the feasibility of
liposomes as drug delivery systems, improving their characteristics and functionalities.
Neverthless liposomes represent interesting carriers, because of their unique properties,
some limits still need to be overcome. Thus, several strategies were considered in this
research work, in order to design drug delivery carriers which can explain extensively their
use in pharmacy and medicine. More in detail, tightening a network of cooperation with
other research groups, the attention was focused on twofold aims: from one side the
possibility of activating remotely the cargo release from liposomes, under the application of
external stimuli; from the other side the chance of increasing the stability of liposomes,

modifying their inner compartment.

Among the external stimuli that can be used to trigger the release from these lipid vesicles,
the magnetic field was explored. Specifically, in close collaboration with the Department of
Information Engineering, Electronics and Telecommunications, the Department of
Chemical, Material and Environmental Engineering of Sapienza, University of Rome, and
the Unit of Radiation Biology and Human Health of Enea, Research Center of Rome, it was
possibile the investigations on the role of FesOs magnetic nanoparticles (MNPs) in inducing
drug delivery from MNPs-containing liposomes, when exposed to a low intensity non-
thermal alternating magnetic field (AMF). As reported in Chapter 3, apart from the
advantage of increasing their stability and reactivity, until to be considered a promising
alternative for application in water decontamination, MNPs within phospholipid vesicles,
under the AMF, can oscillate next to the liposomes membrane and stimulate only
mechanically the release of the encapsulated drug. This magneto-mechanical approach can
be used to destabilize both liposomes having membrane in liquid disordered or in liquid
ordered, without witnessing the typical involvement of the increase in temperature, linked

to the movements of the MNPs in the magneto-hyperthermia strategy. Starting from the
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encouraging experimental results obtained using an AMF, produced by a couple of copper
square magnetic coils, it was decided to shift the attention on the use of an electromagnetic
device already on the market for the treatment of post-traumatic joint diseases, due to its
ability to down-regulate specific cytokines in an inflamed environment, thus passing from
a laboratory signal to a magnetic one already employed in clinical practice. In Chapter 4 are
reported the results obtained applying a non-thermal pulsed electromagnetic field (PEMF)
on high-transition temperature magnetoliposomes (high-Tm MLs). Anyway, as in the AMF
case, the MNPs motions, promoted by PEMF, can effectively increase the bilayer
permeability of magnetoliposomes. In addition, the content released can be triggered
repetitively by switching “on” and “off” the magnetic stimulus, because of the reversible
and controllable permeability change of the bilayer, rather than the liposomes rupture. Even
if both modalities of magnetic field generation resulted equally efficient in triggering release
from magnetic liposomes, the experimental data of Chapter 4, obtained applying PEMF,
provides not only for an exciting proof-of-concept of the ability of the non-thermal magnetic
field stimulus to trigger drug release, but also for a new scenario of enhanced localized
treatments, combining the functionalities of the magneto-mechanical actuation and the

healing properties of the PEMFs.

Always thanks to the collaboration with the Department of Information Engineering,
Electronics and Telecommunications of Sapienza, University of Rome, it was possible to
explore the electric field application as external trigger for drug delivery purpose.
Specifically, considering that recently ultra short (ns) and high intensity (MV/m) pulsed
electric fields (nsPEFs) were proved to be able to permeabilize not only cells membrane, but
also the lipid barrier of intracellular organelles, of a much smaller size, without irreversibly
damaging their structure, it was thought to use electric signals of nanosecond duration as
triggers to remotely control release from nanometer-sized liposomes. As reported in
Chapter 5, the efficiency of this technique was evaluated experimentally, after a careful

characterization of the exposure system, in accordance with the operating conditions
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adopted for the electrical stimulations. In particular, the experiments were designed to get
an in-depth understanding of the impact of the conductivity on electropermeabilization
efficacy. According to the results, the pulses train modify the membrane permeability when
the conductivity of the external medium decreases, as indicated by the percentage of probe
release, which grows in time after the electric stimulation. On the contrary, no changes in
bilayer permeability are observed for the higher conductivity value. From these data it is
possible to deduce that the conductivity strongly influences the transmission efficiency of
the exposure system, which in this case is represents by a standard electroporation cuvette,
as fully described in Chapter 5. The experimental evidences were further supported and
confirmed by a numerical model that provided a density of pore above the threshold of
membrane poration for the operating conditions adopted. These preliminary studies
conducted numerically and experimentally, demonstrated for the first time that nsPEFs can
actually trigger the permeation of nanometric lipid-based carriers, representing a promising
way to remotely induce the transient simultaneous electropermeabilization of cellular and
liposomal membrane, thus promoting the direct passage of drugs from the carrier to the

target.

Within the research project "Toward the comprehension of primary bioelectromagnetic
interactions: non-linear real time OPTICal imaging of BIO-samples under ElectroMagnetic
exposure (OPTIC BIOEM)", and thanks to the collaboration with the Joint Research Unit of
the CNRS of the University of Southern Paris and the Unit of Radiation Biology and Human
Health of Enea, Research Center of Rome, it was possible to investigate the bio-physical
mechanisms underlying the membrane electropermeabilization process of lipid
nanocarriers. In this context, I had the opportunity to spend part of the second year of my
Ph.D. at the Gustave Roussy, Oncological Institute in Paris. Here it was tried to solve
experimentally the complex puzzle of mechanisms at the bases of electropermeabilization.
Since non-linear optics techniques are among the best candidates for these purposes,

allowing the label free and fast acquisition of vibration modes of specific chemical bound in
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samples analyzed, Coherent Anti-Stokes Raman Scattering (CARS) technique was
successfully employed. In detail, in this project CARS spectroscopy was used for the first
time with a time resolution of few ns, comparable to the time scale of the applied electric
pulses, in order to deep insight into all the steps of vesicles permeabilization. Liposomes
were used as test sample since they represent very stable spherical phospholipid bilayers
for the comprehension of electropermeabilization and because of their feasible future
implication in new biomedical technologies, in the area of smart drug delivery mediated by
the electric pulses (as also described in Chapter 5). Novel observations of spectral features
originating from the interfacial and the interstitial water in the CARS spectra of liposomes,
acquired in real-time modality and immediately after nanosecond pulses electric field
exposure, were reported in Chapter 6. The presence of single water molecules of the
interstitial phase more associated to lipid heads, observed for the first time at the instant of
each pulse delivery, suggested that the increased permeability of liposomes could be related
to the local defects in bilayer, promoted by the insertion of water molecules within the
phospholipids. Furthermore, the persistent interposition of water molecules seems
important in modulating and controlling over time the membrane organization and its
permeability, on which depends the release profile of these nanocarries. All these results
bring new information about the electropermeabilized state of the membranes after the
pulses delivery, characterized by a facilitated transport of hydrophilic molecules across the

membrane.

Finally, in the contrail of the recent interesting results, obtained in terms of physical
stabilization of liposomal bilayer following modification of the aqueous core, in Chapter 7
is described an innovative approach to design hybrid liposomes as drug delivery systems,
with improved vesicles stability and modified release properties. More specifically, PEG-
DMAU7s0 and PEG-DM A4 were encapsulated within the aqueous core of liposomes without
affecting the possibility to load weak acid drugs, which represents a very important aspect

for drug delivery applications. When PEG-DMA cross-linking was induced, the liposomal
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fluid core was turned into a soft and elastic hydrogel, as verified through TEM and DLS
analysis, after the complete removal of the bilayer with lytic concentration of a non-ionic
detergent. The different degree of hydrophilicity of the two PEG-DMA results in a different
distribution of the polymer in the novel Gel-in-Liposome (GiL) hybrid structures, and
furthermore, in a different structural aspect of the nanohydrogels observed through TEM
investigation. Mechanical and thermal destabilization tests showed how these hybrid
systems result in more stable carriers, as compared to conventional liposomes, satisfying, at
the same time, the biocompatibility criteria expected for a drug delivery system. Therefore,
these Gel-in-Liposome constructs meet the requirement for an effective drug delivery
system and offer a convenient new way of envisioning lipid vesicles and further broadening

their clinical impact.

228



Appendix

Appendix

In this Ph.D. thesis the efficacy of conventional liposomal systems in improving the
pharmacological potential of natural substances, defined “poorly water-soluble drugs”, was
also evaluated. Specifically, in this section is reported the ability of the soy
phosphatidylcholine-based liposomes in increasing the bioavailability and the absorption

of the natural sesquiterpene [3-caryophyllene in cancer cells.

Part of this Ph.D. thesis was also focused on the synthesis and characterization of polymeric
systems. Specifically, below are reported several strategies in order to engineer different
polysaccharides and, finally, employing them to design hydrogels and oral thin films as

new tools for specific applications in drug delivery.
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Abstract. The natural sesquiterpene B-caryophyllene (CRY) has been highlighted to possess
interesting pharmacological potentials, particularly due to its chemopreventive and analgesic
properties. However, the poor solubility of this sesquiterpene in aqueous fluids can hinder its uptake
into cells, resulting in inconstant responses of biological systems, thus limiting its application.
Therefore, identifying a suitable pharmaceutical form for increasing CRY bioavailability represents
an important need for exploiting its pharmacological potential. In the present study, the ability of
soybean phosphatidylcholine (SPC) liposomes to improve bioavailability and absorption of CRY in
cancer cells has been evaluated. Liposomal formulations of CRY, differing for lamellarity (i.e.
unilamellar and multilamellar vesicles or ULV and MLV) and for the drug loading (i.e. 1:0.1, 1:0.3
and 1:0.5 mol/mol between SPC and CRY) were designed with the aim of maximizing CRY amount
in the liposome bilayer, while avoiding its leakage during storage. The low-loaded formulations
significantly potentiated the antiproliferative activity of CRY in both HepG2 and MDA-MB-468
cells, reaching a maximum IC50 lowering (from two to five folds) with 1:0.3 and 1:0.1 SPC/CRY
MLYV. Conversely, increasing liposome drug-loading reduced the ability for CRY release, likely due
to a possible interaction between SPC and CRY that affects the membrane properties, as confirmed

by physical measures.

Keywords: lipophilic compound; sesquiterpene p-caryophyllene; antiproliferative activity;

liposomes; lamellarity; drug loading.

Graphical abstract.

Suv
INCREASED
I RATIONAL LIPOSOME DESIGN BIOAVAILABILITY
AND BIOLOGICAL
ACTIVITY
B-CARYOPHYLLENE
MLV

231



1. Introduction

-caryophyllene or (-)-trans-caryophyllene (CRY), a bicyclic sesquiterpene with a rare
cyclobutane ring (Figure 1), is a volatile compound, found in large amounts in the essential
oil of many different spice and food plants, particularly from Eugenia caryophyllata L.,

Copaifera multijuga (copaiba) and Cannabis sativa L [1].

H
\

-
-~

H

Figure 1. Chemical structure of B-caryophyllene.

In nature, B-caryophyllene is usually found together with small amount of its isomers a-
caryophyllene and vy-caryophyllene or in a mixture with its oxidation product, [3-
caryophyllene oxide. Several biological activities have been reported for $-caryophyllene,
including antimicrobial, antileishmanial, antimalarial, local anesthetic, spasmolytic and
anticonvulsivant activities [2]. It has been reported to partly act as an agonist of CB2
receptor, which represents a therapeutic target for the treatment of inflammation, pain,
atherosclerosis, and inflammatory-based diseases, including colitis, cerebral ischemia and
brain inflammation [3-7]. Also, it has been recently shown to possess chemopreventive
properties [1, 8-11] and displayed a chemosensitizing power when administered in
combination with anticancer drugs, thus resensitizing chemoresistant cancer cells [12]. It
was found able to interfere with targeted signalling pathways involved in inflammation and
cancer, including HMGB1/TLR4 signalling and STAT3 [10, 13-14]. Despite these promising

biological activities, -caryophyllene is characterized by high lipophilicity and poor stability
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in hydrophilic media (such as biological fluids), which limit its bioavailability and
absorption into cell. Bioavailability depends on nature and chemical-physical properties of
a molecule and is mainly due to water solubility (or dissolution rate) and membrane
permeability [15]. Low bioavailability is a common feature for different natural substances,
defined as “poorly water-soluble drugs”, and can hinder their administration, clinical
application and market entry. In this context, improving bioavailability represents an
important requirement for exploiting the pharmacological potential of such natural
substances and sustain the need of suitable pharmaceutical formulations. To this end,
various strategies, including formulation in complex forms as micelles, liposomes,
polymeric nanoparticles and lipid nanoparticles, have been approached. Among them,
liposomes have been extensively applied in the years as biomembrane models and as drug
carriers in the pharmaceutical and medical fields, owing to their excellent biocompatibility
and biodegradability, low toxicity and lack of immunogenicity [16-17]. They have been also
adopted as efficient systems for incorporating natural compounds, such as essential oil
components, and improving their solubility and chemical stability [18]. Liposome structure
allows the incorporation of different types of drugs: hydrophilic substances are
encapsulated in the inner aqueous compartments, while lipophilic drugs are mainly
entrapped within the lipid bilayer [19]. According to lamellarity and size, they are usually
classified as multilamellar vesicles (MLV; greater than 0.5 pm), small unilamellar vesicles
(SUV; between 20 and 100 nm) and large unilamellar vesicles (LUV; greater than 100 nm)
[20]. Taking into account the strong lipophilicity of CRY and its low dissolution rate in
biological fluids, in the present study, we propose a rational design of soy
phosphatidylcholine (SPC) liposomal formulations for improving cellular uptake of CRY
and then its antiproliferative activity in cancer cells, focusing on lamellarity and drug-
loading as major key features to develop optimized delivery systems. SPC is commonly
used in different types of drug delivery formulations, due to its structural similarity with
biomembrane phospholipids, and seems to represent an interesting molecule to be used for

designing liposomal chemotherapy formulations, since it could enhance the

233



antiproliferative activity of anticancer drugs, by affecting the cholesterol-induced stiffening
of cancer cell biomembrane, thus favoring drug permeability. It is well accepted that cancer
cells, respect to normal cells, are characterized by changes in biomembrane phospholipid
composition and a constitutive activation of the fatty acid biosynthesis seems to support the
increased cell proliferation [21]. Particularly, higher accumulation of cholesterol leads to a
more rigid and low-permeable membrane, with increased resistance to cancer
chemotherapy. In order to characterize the best features of SPC liposomes in improving
dissolution of CRY in biological fluids and its cellular uptake, both unilamellar (ULV) and
multilamellar (MLV) formulations were studied. In fact, due to the physico-chemical
properties of CRY, it is expected that the drug is incorporated within the phospholipid
bilayer of liposomes. Therefore, liposomal formulations of CRY have been rationally
designed taking into account that loading of CRY in the bilayer of liposomes, while avoiding
its leakage during storage, requires special consideration in product development and
represents a key feature for optimizing the formulation. The lipid composition, lamellarity,
the manufacturing process and drug incorporation can all influence the physicochemical
properties of a liposomal formulation, including the drug release performance. Therefore,
when liposomes are investigated as drug delivery vehicles of hydrophobic drugs, the
influence of drug-lipid ratio on the arrangement of the nonpolar region of the vesicles
membrane should be considered to design a delivery vehicle that is at the same time able to
catch and release the encapsulated payload in order to achieve the therapeutic purpose [22].
In line with this evidence, in the present study, different formulations at three loading
degree, characterized by SPC phospholipid and CRY molar ratio of 1:0.1, 1:0.3 and 1:0.5, as
well as different lamellarity were prepared. A physicochemical characterization by dynamic
light scattering, fluorescence anisotropy and entrapment efficiency of CRY were performed.
The increased bioavailability was evaluated on the basis of the cytotoxicity potency of the
formulations encapsulating CRY with respect to the substance alone. In specific, the

antiproliferative activity of CRY-loaded SPC ULV and MLV respect to that of CRY alone as
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studied in liver cancer HepG2cells. Also, triple negative MDA-MB-468 breast cancer cells

were used being high-responsive to CRY cytotoxicity respect to HepG2 cells.

2. Materials and Methods

2.1. Materials

p-Caryophyllene (CRY >98.5% purity), soybean phosphatidylcholine (Phospholipon90,
SPC), HEPES [4-(2-hydroxyethyl) piperazine-1-ethane-sulfonic acid], thiocyanatoiron (III),
1,6-Diphenyl-1,3,5-hexatriene (DPH), cholesterol (Chol) and (4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT, >97.5% purity), were purchased from Sigma-
Aldrich Co (St. Louis, MO, USA). Dulbecco's Modified Eagle's medium (DMEM) was from
Aurogene (Rome, Italy). Chloroform, dimethyl sulfoxide, ethanol, 1,2-dicloroethane and
hydrochloric acid were supplied by Carlo Erba Reagents (Arese, Italy) and were of
analytical grade. All solutions were prepared in the better solvent, sterilized by filtration
and stored for a just conservation time, at recommended temperature, e.g room temperature
or refrigerated conditions (from 4 °C to -20 °C). For the cytotoxicity assay, the sesquiterpene
was dissolved in absolute ethanol (100% v/v) at the tested concentrations. The percentage
of ethanol was less than 1% v/v in the final mixture, in order to exclude a potential toxicity
due to the solvent. Conversely, both the CRY-loaded and plain SPC liposomes were directly

dispersed in the culture medium, at different concentrations.

2.2. Liposome preparation

Liposomes were prepared by the thin-film hydration method followed by extrusion [23]. In
specific, 250 mg of SPC and different amount of CRY (7, 20 or 33 mg) were dissolved in a 50
mL round-bottom flask in the minimum volume of chloroform to give lipid-to-drug molar
ratio of 1:0.1, 1:0.3 and 1:0.5. The solvent was removed by rotary evaporation under reduced
pressure to form a thin layer on the flask wall. The resultant thin film was further dried with

a high vacuum oil pump for at least 2 h. Dried film was hydrated in 5 mL of a 10 mM HEPES
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buffer solution (pH 7.4) at 25 °C and the dispersion was shaken vigorously with a vortex
mixer to form multi-lamellar vesicles (MLV). The generated multilamellar vesicles were
repeatedly extruded at 25 °C through polycarbonate membranes of decreasing pore size
using a thermobarrel Extruder, (Lipex Biomembrane, Canada) until a defined size
distribution was achieved (2 times through 400 nm membranes and finally 6 times through
200 nm membranes). All liposome formulations were flushed with nitrogen gas, stored at 4

°C and used within two weeks.

2.3. Gas chromatographic-mass spectrometric (GC-MS)

Purity of CRY and its concentration obtained in the liposomal dispersion was determined
by gas chromatographic/mass spectrometric (GC-MS) technique. The GC-MS analyses were
performed on a Clarus 500 series from Perkin Elmer instruments (Waltham, MA, USA)
operating in the electron impact mode (70 eV) and equipped with NIST libraries. A
Stabilwax fused-silica capillary column (Restek, Bellefonte, PA, USA) (60 m x 0.25 mm, 0.25
mm film thickness) was used with helium as carrier gas (1.0 mL/min). 1 pL of sample was
injected into the GC injector at the temperature of 280 °C and in splitless mode. The oven of
GC was programmed to rise from 90 °C to 200 °C at 3 °C/min and then held at 200 °C for 2
min. All analyses were performed at constant flow. A calibration curve was generated by
running various solutions containing graded amounts of the CRY and injecting a constant
volume of each standard solution exactly measured. The calibration curve was obtained by
plotting the peaks area (automatically calculated by the computer) on the ordinate and the

amounts on the abscissa.

2.4. Physicochemical characterization of liposomes
2.4.1. Dynamic light scattering and (-potential measurements

Particle size distribution and -potential were measured with a Zetasizer Nano ZS90

(Malvern Instruments Ltd., UK). Hydrodynamic diameter and polydispersity index were
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evaluated by dynamic light scattering (DLS) experiments, whereas C(-potential was
measured by electrophoretic light scattering (ELS) experiments. The DLS and ELS
techniques used a photon correlator spectrometer, equipped with a 4 mW He/Ne laser
source operating at 633 nm. All measurements were performed at a scattering angle of 90°
and were thermostatically controlled at 25 °C. Size, polydispersity index and {-potential
values of the liposome formulations are the mean of three different preparation

batches + standard deviation.

2.4.2. Phospholipid assay

Phospholipid content in liposomes was quantified as reported in literature [24]. Briefly, 0.4
ml of sample (20-200 nmol) was mixed with 0.2 ml of ethanol, 1 ml of thiocyanatoiron (III)
and 0.6 ml of 0.17 N hydrochloric acid. 3 ml of 1,2-dichloroethane were added to extract the
thiocyanatoiron—phospholipid complex formed after shaking for 2 min. The sample was
then centrifuged for 5 min at 12,000 rpm. The absorbance of the organic phase was read at
a wavelength of 470 nm in a Lambda 25 spectrophotometer (Perkin Elmer, USA). The

calibration curve was obtained with several solutions of known SPC concentration.

2.4.3. Evaluation of CRY loading in liposomes

Phospholipids and drug molecules dissolved in the organic phase may be get lost during
solvent removal under vacuum and high-pressure extrusion steps. Considering that CRY is
a liquid with a starting boiling point of 129 °C, to evaluate the amount of the sequiterpene
actually present in the different liposomal formulations, it was first extracted from vesicles
and then its concentration was determined by the GC-MS technique reported in section 2.3.
Particularly, 5 mL of CRY-loaded SPC ULV were diluted with 10 mL of 10 mM HEPES (pH
7.4) and extracted with CHCls (5 mL). To promote the separation of the two phases, CaCl:
(460 mg) was added to the biphasic system and the organic phase then collected. The
extraction procedure was repeated three times, all the organic phases were mixed and made

up to known volume before GC-MS analysis.
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2.4.4. Steady-state and time resolved fluorescence measurements

Steady state anisotropy of DPH in liposomes was measured to assess the effect of CRY and
its concentration on the fluidity of SPC liposome membranes. To this end, DPH-loaded SPC
liposomes were prepared by the thin-film hydration method reported in section 2.2,
dissolving SPC (250 mg) and DPH (0.15 mg; 6.46-10* mmol) in a 50 mL round-bottom flask
in the minimum volume of chloroform to give lipid-to-DPH molar ratio of 1:0.002. The
solvent was removed as previously described and the resultant thin film was hydrated in 5
mL of a 10 mM HEPES buffer solution (pH 7.4) at 25 °C. The generated multilamellar
vesicles were repeatedly extruded at 25 °C through polycarbonate membranes of decreasing
pore size. DPH normally is located within the hydrophobic region of the bilayer membrane.
DPH responds to changes in physical properties of the acyl chain region of the membrane
that affect its ability to rotate. Probe movement is quantified by measuring the degree to
which DPH fluorescence emission is depolarized following excitation by polarized light.
These fluorescence anisotropy measurements respond to changes in the order degree of the
DPH surrounding environment: changes in the liquid-crystalline state organization of the
liposome membrane alter the rate of probe movement; in particular, more disordered the
membrane environment, the greater is the motional freedom of the fluorophore and hence
the lower the observed anisotropy. An increase in steady state anisotropy of DPH in
membranes may imply a reduction in mobility of lipids. Steady-state fluorescence
anisotropy measurements, for DPH-loaded liposomes, were carried out at room
temperature with a Perkin-Elmer LS50B spectrofluorometer. The excitation and emission
wavelengths were 350 and 450 nm, respectively, and all slits were set to a width of 2.5/2.5
nm. Samples, opportunely diluted with 10 mM HEPES buffer pH 7.4, were illuminated by
vertically (V) or horizontally (H) polarized monochromatic light at A=350 nm and the
emitted fluorescence intensities (I) parallel or perpendicular to the direction of the excitation
beam were recorded at A=450 nm. Total fluorescence intensity [If = (I //)V + 2G(IL)H ] is

obtained by addition of the respectively horizontally [I.] and vertically [I //] intensities
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polarised light emission. The stationary fluorescence anisotropy (r) was determined using
the typical Equation:

B (1))V - GUOH
r= I

(1)

Total fluorescence intensity and anisotropy measurements required correction for the gain
of photomultipler detector [G = (I,)H/(I.)H]. The effect of CRY incorporation on the
phospholipid bilayer of SPC liposomes was evaluated by comparison with the well-known
effect produced by cholesterol (Chol) on the membrane behaviour. Anisotropy data are

represented as the mean + SD.

2.5 Cytotoxicity studies
2.5.1 Human cancer cell lines

Liver cancer HepG2 cells were a kind gift of Prof. Eufemi (Sapienza University of Rome,
Italy), while triple negative MDA-MB-468 breast cancer cells were purchased from IRCCS
AOUSan Martino - IST (Genoa, Italy). The cells were grown under standard conditions (37
°C and 5% CO:2) in DMEM-F12 medium containing L-glutamine (1% v/v) and HEPES (15
mM) and supplemented with 10% heat-inactivated FBS, 100 U/mL penicillin and 100 pg/mL
streptomycin in 75 cm? flasks. Subcultures were prepared every 4 days, renewing growth
medium every 2-3 days. All experiments were performed when cells reached the

logarithmic growth phase.

2.5.2 Cytotoxicity assay

The cultured cells were seeded into 96-well microplates (20,000 cells/well), allowed to grow
for 24 h, then treated with CRY (1 - 75 pg/mL in EtOH 1 % v/v) or CRY loaded SPC
liposomes. The concentrations of pure CRY were prepared by progressive dilution in EtOH
100% v/v, then added to cells at 1% v/v in the final mixture, at which ethanol was nontoxic.

A vehicle control (EtOH 1% v/v in the final mixture for CRY and 10 mM HEPES for SPC
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ULV and MLV), corresponding to 100% cell viability and a standard cytotoxic agent (i.e.
doxorubicin, 10 pg/mL in the final mixture) were also included in the experiments. After 24
h incubation, the cytotoxicity of the treatment was measured by the 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyl tetrazolium bromide (MTT) assay according to previous published
methods [25]. The assay was carried out at least in three biological replicates and in each
experiment, each concentration was tested in six technical triplicates. The treatment was
considered cytotoxic when the cell viability was lower than 70% with respect to vehicle
treated cells [26]. The results were expressed as percentage of cell viability (about three
experiments including 8-10 replicates for each treatment) with respect to the vehicle.

Results of cytotoxicity studies are expressed as mean + SE. The concentration-response

curves were constructed using the Hill Equation (2):

Emax

E =
[1+ (10logIC50 — A) Hill Slope]

(2)

where E is the effect at a given concentration of the substance, Emax is the maximum activity,
IC50 is the concentration that produces a 50% of the inhibitory response, A is the substance

molar concentration, HillSlope is the curve slope.

2.6 Statistical analysis

Statistical analysis was performed by GraphPad Prism™ (Version 4.00) software (GraphPad
Software, Inc., San Diego, California, USA). The one-way analysis of variance (one-way
ANOVA), followed by Dunnett’s Multiple Comparison Post Test, was used to analyze the
difference among different treatments, while the Student’s t-test was applied to determine
the statistical significance between two different experimental conditions. The values of P <

0.05 were considered significant.

3. Results

3.1 Physicochemical characterization of SPC ULV and MLV
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Results obtained by DLS measurements highlighted that high pure CRY did not alter the
vesicles formation, since no significant changes in physicochemical features (i.e. mean
diameter, zeta-potential and size distribution) of CRY-loaded SPC ULV and MLV,
compared to conventional liposomes, were found even at the highest molar ratio tested
(1:0.5 mol/mol) (Tables 1 and 2). Moreover, no loss of CRY was observed during the
preparation process. In fact, GC-MS analysis performed after extraction of CRY from
liposomes evidenced a perfect overlap of the actual recovered amount with the theoretical
one, thus indicating that no losses of sesquiterpene occurred. When the physicochemical
features of liposomes were evaluated in the presence of cell medium, no interferences with
the dimensional analysis were highlighted, thus suggesting a suitable stability of the
formulation in cell culture environment (data not shown). The amount of structured
phospholipids in the liposomal suspensions, with and without CRY, resulted to be not

affected by the presence of the sesquiterpene, thus suggesting their compatibility.

Table 1. Physicochemical features of SPC ULV liposomes.

Sample H.ydrodynamic Pdl C- potential % SPC
diameter (nm) (mV)

Unloaded SPC ULV 180.6 + 4.7 0.079+0.015 -153+04 922+1.7

SPC/CRY ULV (mol/mol)

1:0.1 185.5+4.2 0.076 £0.006  -14.1+0.2 89.5+1.2

1:0.3 176.7+7.5 0.075+0.0056 -14.3+0.5 88.5+0.5

1:0.5 181.4+2.1 0.085+0.012 -13.5+0.6 85.2+2.2

Table 2. Physicochemical features of SPC MLV liposomes.

Hydrodynamic
Sample : PdI
diameter (nm)
Unloaded SPC MLV 699.73 + 6.57 0.359 + 0.069
SPC/CRY MLV (mol/mol)
1:0.1 643.93 + 13.59 0.339 + 0.045
1:0.3 631.53 +21.12 0.371 + 0.005
1:0.5 49713 +791 0.387 £ 0.025
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3.2 Cytotoxicity of CRY and plain SPC-based liposomes

Under our experimental conditions, CRY did not affect the cell viability of HepG2 cells up
to 10 ug/ml, although a slight cell viability reduction (about 10 %) was found starting from
5 ug/mL. A significant decrease of cell viability (about 45 % reduction respect to control)
was found at 25 pg/mL, reaching a greatest inhibition of about 90% at 75 ug/mL (Figure 2).
In MDA-MB-468 cells, CRY produced early toxicity signs (inhibition of 10%) at 2.5 pg/mL,
with a biologically significant effect at 15, 25 and 50 pg/mL (inhibition of 38%, 84% and 98%
respectively) (Figure 2). The IC50 values were 44.7 (C.L. 19.5-96.8) and 19.2 (C. L. 15.4-23.8)
ug/mL in HepG2 and MDA-MB-468 cells, respectively.
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Figure 2. Effect of CRY on the viability of HepG2 and MDA-MB-468 cells. ** p <0.01 and *** p
<0.001 (ANOVA + Multiple Dunnett's Comparison Post-test); denotes a statistically significant
reduction of cell viability compared to control (i.e. vehicle-treated cells). A cell viability lower
than 70% respect to control was considered as cytotoxic [26].

The cytotoxicity of plain SPC ULV and MLV (1-1000 ug/mL) in HepG2 and MDA-MB-468
cells was preliminarily evaluated, in order to define the maximum concentration at which
liposomal formulations did not affect cell viability. Plain SPC ULV were nontoxic up to the
concentration of 100 pg/mL in both HepG2 and MDA-MB-468 cells, with biologically

significant cytotoxic effects (from 40% to 56 % inhibition of cell viability) starting from 200
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pug/mL (Figure 3). Conversely, plain SPC MLV produced biologically significant cytotoxic
effects (from 40% to 50% inhibition of cell viability) at 1000 ug/mL in both HepG2 and MDA-
MB-468 cells, with early toxicity signs (about 25% inhibition of cell viability) at 500 ug/mL

(Figure 3).
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Figure 3. Effect of SPC ULV and MLV on the viability of HepG2 (A) and MDA-MB-468 (B)
cells. ** p <0.01 and *** p <0.001 vs. control (i.e. vehicle-treated cells), denotes a statistically
significant reduction of cell viability compared to control (ANOVA + Multiple Dunnett's
Comparison Post-test). A cell viability lower than 70% respect to control was considered as
cytotoxic [26].

3.3 Cytotoxicity of CRY-loaded SPC ULV liposomes at different molar ratio

When assessed in HepG2 cells, a different behaviour was found for CRY-loaded SPC ULV
respect to pure CRY, as a function of their molar ratio (Figure 4). Particularly, the 1:0.1 molar
ratio between SPC and CRY produced about a 40% cytotoxicity increase of CRY at low
concentrations of 0.1, 1, 5 and 10 pg/mL, which were noneffective when CRY was
administered as pure compound. Conversely, a progressive loss of the cytotoxic effect of
CRY was found at highest concentrations of 25, 50 and 75 pug/mL of 1:0.1 SPC/CRY ULV,
reaching a maximum 40% inhibition (Figure 4). Despite a biologically significant
cytotoxicity of low-dose 1:0.1 SPC/CRY ULV, the 1:0.3 and 1:0.5 unilamellar formulations

produced nonbiologically relevant cytotoxic effects and progressively reduced the
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antiproliferative activity of pure CRY at all the tested concentrations, reaching a maximum

of 63% inhibition (Figure 4).
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Figure 4. Cytotoxicity of SPC ULV differently loaded with CRY (1:0.1, 1:0.3 and 1:0.5 mol/mol) in
HepG2 cells after 24 h incubation. *** p <0.001 vs CRY; denotes a statistically significant increase
of cytotoxicity respect to pure CRY (ANOVA + Multiple Dunnett's Comparison Post-test). § p
<0.001 vs. CRY, denotes a statistically significant reduction respect to CRY cytotoxicity (ANOVA
+ Multiple Dunnett's Comparison Post-test). A cell viability lower than 70% respect to control (i.e.
vehicle-treated cells) was considered as cytotoxic [26].

Furthermore, the highest doses of loaded liposomes (starting from 25 pg/mL of 1:0.1 and
1:0.3 SPC/CRY ULV) significantly reduced the cytotoxicity of plain SPC ULV, at the
corresponding concentrations (Figure 4). This evidence suggested that increasing molar
ratio between SPC and CRY in ULV formulations can hinder CRY release and retain the
molecule into liposomes; also, some interactions between SPC and CRY could be expected,
so explaining the reduced toxicity of plain SPC ULV. A similar behaviour was observed in

MDA-MB-468 cells for 1:0.5 SPC/CRY ULV, which did not potentiate CRY cytotoxicity in all
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the experimental conditions, while inhibiting the antiproliferative activity of pure CRY of
about 20%, at concentrations of 25 and 50 pg/mL (Figure 5). Conversely, the 1:0.1 loaded
formulation induced a significant potentiation of CRY cytotoxicity (from about 20 to 30%)

at concentrations of 2.5 and 5 ug/mL, which disappeared at the highest tested

concentrations.
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Figure 5. Cytotoxicity of SPC ULV differently loaded with CRY (1:0.1, 1:0.3 and 1:0.5 mol/mol)
in MDA-MB-468 cells after 24 h incubation. *** p <0.001 vs. CRY, denotes a statistically
significant increase of cytotoxicity respect to pure CRY (ANOVA + Multiple Dunnett's
Comparison Post-test). § p <0.001 vs. CRY, denotes a statistically significant reduction respect
to CRY cytotoxicity (ANOVA + Multiple Dunnett's Comparison Post-test). A cell viability
lower than 70% respect to control (i.e. vehicle-treated cells) was considered as cytotoxic [26].

Similarly, the 1:0.3 SPC/CRY ULV produced a slight (about 10%) but significant increase of
CRY toxicity at concentrations of 2.5 and 5 pg/mL. It is noteworthy that potentiation
occurred at noneffective concentrations of CRY administered as pure compound. For all
loaded formulations, the highest concentrations of 25 and 50 pug/mL induced a significant
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inhibition (from about 10 to 28%) of CRY antiproliferative activity, thus suggesting a
possible loss of activity of the drug or the loss of the carrier’s ability to deliver the
incorporated substance (Figure 5).When CRY was administered as 1:0.1 SPC ULV, the IC50
values were not evaluable in HepG2 cells, while a slight reduction (about 1.5 folds) was

obtained in MDA-MB-468 cells (Table 3).

Table 3. IC50 values of CRY administered as pure compound or as ULV and MLV formulations
in HepG2 and MDA-MB-468 cells.

HepG2 MDA-MB-468
IC50 (CL*) pg/ml
RRX—*

CRY 44.7 (19.5-96.8) 19.2 (15.4-23.8)
SPC/CRY ULV (mol/mol)
1:0.1 ne*** 12.4 (6.4-109.9) 1.5
1:0.3 ne ne
1:0.5 ne ne
SPC/CRY MLV (mol/mol)
1:0.1 ne 49((24-99)39
1:0.3 9.1(2.6-32.0)4.9 83(6.1-11.2)2.3
1:0.5 ne ne

CL* confidential limits; RR** reversal ratio (ratio between the IC50 values of CRY
alone and CRY-loaded SPC liposomes); ne*** not evaluable as a lower than 80%
inhibition of cell viability was reached.

3.4 Cytotoxicity of CRY-loaded SPC MLV liposomes at different molar ratio

Under our experimental conditions, multilamellar liposomes produced different cytotoxic
effects as a function of drug loading. In HepG2 cells, 1:0.1 SPC/CRY MLV did not affect the
cell viability up to 1 ug/mL, while produced a marked potentiation of CRY cytotoxicity, at
concentrations from 5 to 25 pug/mL, reaching the greatest effect of about 45% at 5 pug/mL
(Figure 6). A significant and progressive increase of CRY antiproliferative activity was also

produced by 1:0.3 loaded multilamellar formulation at concentrations from 1 to 50 pg/mL
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(Figure 6), reaching a maximum potentiation of about 40% at 10 ug/mL: within these
concentrations, the IC50 value of CRY was reduced of about five-folds (Table 3). Conversely,
the 1:0.5 molar ratio between SPC and CRY increased the biological activity of CRY at
concentrations of 5 and 10 pg/mL, with a maximum potentiation of 30% at 5 pg/mL (Figure
6). At the highest concentration of 75 pug/mL, all the CRY-loaded multilamellar formulations
markedly reduced the antiproliferative activity of pure CRY, reaching a maximum 26%
inhibition (Figure 6). Analogously, in MDA-MB-468 cells, the 1:0.1 SPC/CRY MLV induced
a significant potentiation of CRY cytotoxicity from 0.1 to 10 pg/mL, with a maximum
increase of about 30 % at 5 and 10 pg/mL (Figure 7). The 1:0.3 and 1:0.5 loaded formulations
produced lower potentiation of CRY activity (about 10-25%) from 0.1 to 10 pg/mL.
Conversely, the highest concentrations of 25 and 50 ug/mL reduced the antiproliferative
activity of pure CRY, reaching a maximum 30% inhibition (Figure 7).
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Figure 6. Cytotoxicity of SPC MLV differently loaded with CRY (1:0.1, 1:0.3 and 1:0.5
mol/mol) in HepG2 cells after 24 h incubation. * p <0.05, ** p <0.01 and *** p <0.001 vs CRY;
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denotes a statistically significant increase of cytotoxicity respect to pure CRY (ANOVA +
Multiple Dunnett's Comparison Post-test). § p <0.001 vs. CRY, denotes a statistically
significant reduction respect to CRY cytotoxicity (ANOVA + Multiple Dunnett's Comparison
Post-test). A cell viability lower than 70% respect to control (i.e. vehicle-treated cells) was
considered as cytotoxic [26].

Within the concentrations from 0.1 to 25 ug/mL, the IC50 value of CRY was reduced of about
four-folds when CRY was administered as 1:0.1 MLV, while of about two-folds when CRY
was administered as 1:0.3 MLV (Table 3).

Furthermore, the highest dose (75 pg/mL) of 1:0.5 SPC/CRY MLV significantly reduced the
cytotoxicity of plain SPC MLV at the corresponding concentration, thus displaying a
behaviour similar to that found for CRY-loaded ULV (Figure 7). Accordingly, a possible

segregation of CRY into liposome, due to its interaction with SPC could be expected.
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Figure 7. Cytotoxicity of SPC MLV differently loaded with CRY (1:0.1, 1:0.3 and 1:0.5
mol/mol) in MDA-MB-468 cells after 24 h incubation. * p <0.05, ** p <0.01 and *** p <0.001 vs.
CRY, denotes a statistically significant increase of cytotoxicity respect to pure CRY (ANOVA
+ Multiple Dunnett's Comparison Post-test). § p <0.001 vs. CRY, denotes a statistically
significant reduction respect to CRY cytotoxicity (ANOVA + Multiple Dunnett's Comparison
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Post-test). A cell viability lower than 70% respect to control (i.e. vehicle-treated cells) was
considered as cytotoxic [26].

3.5 Evaluation of the potential interaction between CRY and SPC-based ULV

In order to better characterize the possible interaction between CRY and SPC ULV,
additional experiments in which the two separate components were co-administered to
cells, at the same concentrations found in liposome formulations, were performed in HepG2
cells. When administered in the presence of SPC ULV, CRY exhibited a lower cytotoxic
behaviour respect to the pure compound. Despite a biologically relevant toxicity of the pure
compound alone, the presence of SPC ULV induced a significant loss of CRY bioactivity.
About a 30% reduction of its antiproliferative effect is observed (Figure 8) and probably due

to the high hydrophobic nature of CRY, which is therefore carried off by liposomes.
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Figure 8. Cytotoxicity of CRY and the combination of SPC/CRY ULV (1:0.5 mol/mol) in
HepG2 cells after 24 h incubation. § p <0.001 vs. CRY, denotes a statistically significant
reduction respect to CRY cytotoxicity (ANOVA + Multiple Dunnett's Comparison Post-test).
A cell viability lower than 70% respect to control (i.e. vehicle-treated cells) was considered as
cytotoxic [26].

Similar results were reported by Botré et al. [27], who observed that the addition of empty
liposomes to urine samples containing free steroids interfere with the recovery of the drugs,

with consequent important implication on doping analysis. These results support our
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hypothesis that the reduced bioactivity of CRY, when administered as SPC ULV with low
molar ratio or at high concentration of the drug, could be due to a close interaction of the
substance with phospholipid components as a consequence of its high-grade lipophilicity.
To test this hypothesis, fluorescence anisotropy studies were carried out in order to evaluate
the effect of CRY and its concentration on the fluidity of the SPC bilayer membrane of
liposomes. The obtained results were compared with that produced by cholesterol (Chol)
on the membrane behavior (Figure 9). Fluorescence anisotropy studies have found that
lipophilic molecules, such as cholesterol and caryophyllene sesquiterpene, can affect the
typical fluidity of SPC-based vesicles and reduce the mobility of the hydrocarbon chains of
membrane fatty acids. In order to determine how CRY affects membrane structure, we
analyze the extent to which this molecule mimics the behavior of cholesterol in Ld
liposomes. Liposomes made of SPC, SPC/Chol and SPC/CRY respectively were tested.

As shown in Figure 9, conventional SPC ULV liposomes produced an average anisotropy
value of 0.062. SPC bilayer was expected to be in a homogenous liquid disordered (Ld) state;
the low anisotropy value obtained reflects the freedom of movement of the DPH

fluorophore in the fluid disordered state of plain SPC liposome.
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Figure 9. Anisotropy measures obtained by DPH-probe fluorescence for 1:0.1, 1:0.3 and 1:0.5
SPC/CRY ULV and 1:0.4 SPC/cholesterol (Chol) ULV.

The thickening effect obtained as a result of cholesterol addition to a fluid bilayer is well

documented [27] and the results reported in Figure 9 are in good agreement with previous
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published data. When cholesterol 40% mol/mol was incorporated in Ld SPC/Chol bilayer,
in fact, the DPH fluorescence anisotropy increases, thus indicating that at this cholesterol
amount, a greater order level exists for the phospholipid acyl chain packing. According to
Marsh [28], cholesterol in the liposomal fluid bilayer promotes the formation of a phase that
coexists with the Ld phase. In SPC/Chol liposomes the close contact between the sterol and
adjacent phospholipids results in the formation of the so-called liquid-ordered (Lo) phase.
This new intermediate fluid phase exhibits translational degrees of freedom of the lipid
molecules that are similar to those in a conventional fluid bilayer state, while the
conformational degrees of freedom of the lipid hydrocarbon chains resemble those of the
gel state. In contrast, a progressive increase of the anisotropy value appeared for CRY-
loaded liposomes, that is proportional to the amount of drug incorporated into the vesicles
bilayer. Increasing the mixing ratios between SPC and CRY, the fluorescence anisotropies
of DPH were increased almost linearly, suggesting that rotational motion of DPH in SPC
liposomes was restricted by CRY entrapment. Comparing the behaviour of SPC/CRY ULV
with a 1:0.5 molar ratio and that of SPC/Chol ULV, very similar anisotropy values were
found (Figure 9). In line with these results, our hypothesis is that liposome formulations
with a higher than 1:0.1 molar ratio between SPC and CRY, can modify the phospholipid

bilayer organization, thus hindering drug release.

4. Discussion

Low solubility of the natural sesquiterpene B-caryophyllene (CRY) in aqueous fluids and
the subsequent poor bioavailability represent key aspects limiting its use in therapy. CRY
also exhibited sensitivity to light, oxygen, humidity, and high temperatures [29]: these
conditions decrease its stability and limit its biological effectiveness. A possible strategy to
overcome these problems is the use of drug delivery systems, which may provide much
higher bioavailability of this compound and ensure obtaining desired biological effects.
Previous studies proposed cyclodextrin complexation to improve bioavailability of CRY

[30-32]. Recently, oil/water microemulsions have been also reported to possess suitable
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properties for effective topical delivery of -caryophyllene [33]. Many synthetic and herbal
drugs possess the problem of poor oral bioavailability, due to their very low water solubility
or poor permeation through the biological membranes, thus leading to a limited dissolution
profile in biological fluids and inefficacy in therapy. Increased reports highlighted the
promising role of phospholipid-based formulations as effective drug delivery systems for
natural bioactive constituents [34]. Being the main components of cellular membrane,
phospholipids are characterized by an excellent biocompatibility; also, they possess
amphiphilic structures and surface-active wetting characteristics, which allow enhancing
the hydrophilicity of hydrophobic compounds. In water, phospholipids self-assemble into
supramolecular aggregates, among which liposomes displayed high cell affinity and tissue
compatibility, improving drug stability and ability to deliver both hydrophilic and
lipophilic substances [34]. In line with this evidence, in the present study the internalization
of CRY into the cells was increased using soybean phosphatidylcholine (SPC) liposomes
Our hypothesis was that CRY, when administered as liposomal formulations, rationally
designed in term of drug to lipid ratio, can be easily uptaken from cells, thus leading to an
improved antiproliferative activity. SPC has been used as phospholipid molecule forming
the lipid bilayer not only for its structural similarity with cell biomembrane constituents,
but also for its ability to affect the cholesterol-induced stiffening of cancer cell biomembrane,
which has been found responsible for reduced drug permeability and chemoresistance
development in cancer cells [21]. In our cancer cell models, high concentrations of SPC
exhibited early cytotoxicity signs, likely due to its ability to increase the permeability of
cancer cell biomembrane, through the interference with cholesterol accumulation. In line
with this evidence and considering that previous studies highlighted the ability of
phosphatidylcholine to induce cholesterol depletion and to be inversely related to
cholesterol amount [35-36], we hypothesize that the cytotoxicity found at higher
concentrations of plain SPC liposomes can be, at least in part, due to a cholesterol transfer
between liposomes and cells. Liposomes could reduce the cholesterol/phospholipid ratio

and increase lipid disorder in cell membrane. Depletion of cholesterol in cell thus, could
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make cell more vulnerable, also to physical stress [37]; similarly, methyl-beta-cyclodextrin
has been used for cholesterol removal, although the effect was incomplete [38].

Under our experimental conditions, the encapsulation of CRY within SPC liposomes
highlighted that the cellular uptake of CRY can be improved or reduced as a function of the
molar ratio between SPC and CRY. Characterizing the optimal concentration of CRY in
liposomal formulations represents a key point for the increase of its antiproliferative
effectiveness. Both ULV and MLV liposomes loaded with the highest molar ratio between
SPC and CRY (i.e. 1:0.5) induced a progressive loss of the antiproliferative potential of the
sesquiterpene. The obtained results highlighted that, despite a possible improvement of
low-dose CRY cytotoxicity, increased molar ratio between SPC and CRY markedly interfere
with the biological activity of pure compound. This phenomenon suggests that the
substance can be greatly retained and got stuck into liposomes, likely due to a stable
interaction between CRY and phosphatidylcholine and a stiffening of the membrane
structure, which hinder the sesquiterpene release by vesicles and its uptake into cells.
Accordingly, Sarpietro et al. [39] showed that CRY possessed a great capacity to interact
with membrane phospholipids and to spread through the lipophilic matrix, determining an
alteration of the cooperativity. This hypothesis is also in agreement with the more accepted
ordering effect induced by cholesterol in biomembrane bilayer and SPC ULV [28].
Therefore, we hypothesize that incorporating high concentrations of CRY in ULV bilayer
can alter membrane packing of SPC liposomes by inducing conformational phospholipid
ordering, thus leading to a decreased fluidity and permeability of the bilayer of the
phospholipid carrier. The enhanced rigidity of the membrane, that could be generated by
the inclusion of hydrophobic CRY, might seal the system and reduce the drug release.
Moreover, the release of high CRY concentrations embedded within the lipid bilayers could
be compromised due to strong hydrophobic interactions that might develop between the
drug and the phospholipid acyl chains. The trend displayed by SPC multilamellar vesicles
support the hypothesis of the reduced bioactivity of CRY due to a condensing effect of this

molecule on the bilayer. In fact, the results observed with the MLV system were partly
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similar to SPC ULV only at the highest CRY concentrations. We reasonable speculate that
CRY reduces the fluidity of the SPC MLV bilayer to a lesser extent respect to SPC ULV. In
fact, for a fixed SPC/CRY ratio, the number of CRY molecules included in each of the lamella
of the multilamellar carrier was smaller respect to ULV, thus leading to a reduced extent of

the stiffness effect.

5. Conclusions

In the present study, SPC liposomes have been developed as potential effective delivery
systems to increase the in vitro bioavailability and stability of the natural sesquiterpene
CRY. According to widely accepted evidence that release is governed by molecule
lipophilicity and liposome features, our results allow to hypothesize that CRY release by
SPC liposomes is strictly dependent on lamellarity and drug-to lipid ratio. Lipid-to-drug
ratio is a critical parameter as it may influence the therapeutic efficacy of the drug, in
particular with lipophilic drugs. The increase of drug encapsulation could be not a valid
strategy in liposomal formulation, as the drug release properties of the liposomal product
could be negatively affected by the molar concentration of drug in liposomes. In fact, as SPC
liposome loading increases, a condensing effect of the loaded molecule on the fluid bilayer
occurs. As a consequence, the substance can be greatly retained, and its release restrained.
In the case of CRY, this feature can negatively affect and hinder its anticancer effectiveness.
Therefore, SPC to CRY ratio seems to represent a key tool for the development of optimized
liposomal formulation to control membrane fluidity and permeability of SPC liposomes,
and thus predicts the release abilities. In fact, low-loaded MLV appear to induce the
maximum increase of CRY antiproliferative activity in both HepG2 and MDA-MB-468 cells,
thus suggesting the ability of these formulations to better carry the lipophilic cargo inside
cells. However, further in vitro studies are necessary to effectively measure the CRY release
by SPC vesicles and the achieved intracellular levels. In conclusion, our results highlight the
importance of rationally designing formulations to develop the optimal liposomal

composition, taking into account not only the chemical nature of the payload but also that
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the high drug loading in liposomes could be critical for the maximum usefulness of its

therapeutic potential.
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Physical hydrogels of a high-carboxymethylated derivative of scleroglucan (Scl-CM3qo) were investigated
as potential systems for topical drug delivery using three different therapeutic molecules (fluconazole,
diclofenac and betamethasone).

Rheological tests were carried out on drug-loaded hydrogels along with in-vitro release studies in a
vertical Franz cell, in order to investigate if and how different drugs may influence the rheological and
release properties of ScI-CM300 hydrogels.

Experimental results and theoretical modeling highlighted that, in the absence of drug/polymer inter-
actions (as for fluconazole and betamethasone) Scl-CM30o matrices offer negligible resistance to drug
diffusion and a Fickian transport model can be adopted to estimate the effective diffusion coefficient in
the swollen hydrogel. The presence of weak drug/hydrogel chemical bonds (as for diclofenac), confirmed
by frequency sweep tests, slow down the drug release kinetics and a non-Fickian two-phase transport
model has to be adopted.

In-vivo experiments on rabbits evidenced optimal skin tolerability of Scl-CMsqo hydrogels after topical

application.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Topical formulations are a valid strategy to treat common dis-
orders, including acute and chronic inflammations, skin infections
and acute pain (Arnstein, 2012). The use of the skin as a portal of
entry for drugs is particularly attractive since it can overcome the
challenges associated with other administration routes (Touitou,
2002). However, beside its great accessibility, the skin possesses
highly efficient barrier properties, which frequently hamper drug
delivery through it. In this context, hydrogels represent a pri-
mary solution to design innovative topical formulations (Cal6 &
Khutoryanskiy, 2015). In fact, their soft consistency combined with
their ability to swell, make them the perfect candidate for topical
applications. Moreover, they possess a pleasant texture, which does
not create any greasy residue on the skin compared to creams and
ointments (Trookman & Rizer, 2011).

* Corresponding author.
E-mail address: patrizia.paolicelli@uniromal.it (P. Paolicelli).

http://dx.doi.org/10.1016/j.carbpol.2017.07.008
0144-8617/© 2017 Elsevier Ltd. All rights reserved.

Hydrogels properties can be modulated by varying the type of
polymer and the crosslinking step during their fabrication. Chemi-
cal or physical bonds can hold the polymeric matrix together, and
its swelling behavior can be tuned by introducing pH-sensitive
functional groups (Hoare & Kohane, 2008).

For all these reasons, hydrogels offer a versatile platform as
carriers of a variety of drugs for topical delivery. This concept par-
ticularly holds true for physical hydrogels made of biocompatible
polysaccharides where the presence of hydrogen bonds, ion-dipole,
and electrostatic interactions are the driving forces responsible for
the hydrogel formation. The same interactions can influence the
hydrogel strength and elasticity as well as the release behavior of
the loaded drugs from the hydrophilic matrix.

Scleroglucan (Scl) is an example of a natural polysaccharide
produced by the fungi of the genus Sclerotium (loannis, Harvey &
McNeil, 2005), which possesses several structural properties par-
ticularly useful for the design of physical hydrogels for topical
applications. Specifically, the polymer consists of a main back-
bone of (1-3)-linked-f3-D-glucopyranosyl residues with a single
(1-6)-linked--D-glucopyranosy! unit linked in side chain every
third sugar molecule of the main chain. In aqueous solutions, Scl
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reassembles in a triple helix conformation that can only be bro-
ken into random coil chains at pH 12 or in dimethylsulfoxide
(DMSO) (Palleschi, Bocchinfuso, Coviello & Alhaique, 2005; Guo,
Stokke & Elgsaeter, 1996). Scl finds application in the industrial
and pharmaceutical field as a thickening agent and for the prepara-
tion of modified-release dosage forms for oral and topical delivery
(Coviello et al., 2005a; Corrente et al., 2009; Vinarta, Francois,
Daraio, Figueroa, & Farifia, 2007).

In addition, Scl can be easily modified with pH-responsive
groups, which have a profound effect on the main characteristics
of the polymer (Corrente, Abu Amara, Pacelli, Paolicelli & Casadei,
2013; Cerretoetal., 2013). For example, a carboxymethyl derivative
of scleroglucan (Scl-CM) is obtained by reaction with chloroacetic
acid in a basic medium, and the number of carboxylic groups
introduced has a significant influence on the corresponding gel
properties. Specifically, a ScI-CM derivative with a high degree of
functionalization is capable of forming physical hydrogels without
the addition of any salt. These physical gels have been already pro-
posed as carriers for the oral administration of anti-inflammatory
drugs proving to adequately protect the gastrointestinal mucosa
from any drug-induced damage while modulating the release rate
of the loaded molecules (Corrente et al., 2012).

To further extend the potentiality of high carboxymethylated
Scl-based hydrogels in the pharmaceutical field, their use as a
topical formulation for a variety of drugs including antifungal,
steroidal and non-steroidal anti-inflammatory molecules, was here
attempted.

Specifically, three different therapeutic drugs, namely
diclofenac, betamethasone, and fluconazole, were tested in
this work. Flow curves and frequency sweep tests were carried out
on the loaded Scl-CM3qg hydrogels along with release studies in a
vertical Franz cell.

Particular attention was paid to possible interactions between
the hydrogel matrix and the loaded drugs, and how their presence
could influence both the rheological and release properties of the
corresponding physical hydrogels. Mathematical models, describ-
ing transport and possible interactions between the selected drugs
and Scl-CMs3q, were adopted to estimate the effective diffusion
coefficient of these molecules in the polymeric network. Numerical
solutions were obtained by COMSOL 3.5 multiphysics.

Finally, preliminary in-vivo experiments were carried out on
rabbits to verify the skin tolerability of the Scl-CM3qg-based for-
mulations.

2. Materials and methods
2.1. Chemicals

All used reagents were of analytical grade. Scleroglucan with
My =1.4-108, as evaluated by viscosimetric measurements in
0.01 M NaOH, was provided by Carbomer (USA). Dimethylsulfox-
ide (DMSO) and chloroacetic acid were purchased from Fluka
(Switzerland). Diclofenac sodium salt, DOWEX 50WX4-50 ion
exchange resin, acetonitrile, and methanol were purchased from
Sigma-Aldrich (England). Betamethasone phosphate sodium salt
and fluconazole were received as gifts from Sigma-Tau (Italy) and
Recordati S.p.A. (Italy), respectively. Dialysis membranes with cut-
off 12,000-14,000 Da were purchased from Medicell International
(UK).

2.2. Synthesis of carboxymethy!l scleroglucan (Scl-CM3¢p)

Scleroglucan was modified into its carboxymethyl derivative
(Scl-CM3qg) following a reported procedure (Corrente et al., 2012)
(see supplementary material, Fig. S1). Scleroglucan (1.0 g) was dis-

solved in water (40 ml) at 60°C for 24 h. NaOH (28.0g) was then
added to the polymeric solution in an ice bath to disrupt the triple
helix. Finally, chloroacetic acid (40.0 g) was added dropwise to start
the reaction. The polymeric mixture was kept under stirring at
60°C for 24 h followed by neutralization with glacial acetic acid.
The obtained Scl-CM3qg was purified by exhaustive dialysis (cel-
lophane membrane, Visking tubing, cut-off 12,000-14,000 Da) to
remove the excess of salts and unreacted products. The dialyzed
solution was eluted through a DOWEX 50WX4-50 ion-exchange
resin column previously treated with 2.0 M HCI, to obtain all the
carboxylic groups in the undissociated form.

The number of carboxylic groups added to the backbone of the
polymer was quantified by potentiometer titration. Fully proto-
nated Scl-CM3pg (100 mg) was dissolved in water and submitted
to potentiometer titration using 1-10-2 M NaOH. The amount of
acid in mmol (equal to the mmol of NaOH used) was inserted in the
following equation:

Scl — CM amount (mg) = X - MW epetitive unic + (mmol of acid)MWcig group

allowing the calculation of X which represents the mmoles of
repetitive units of the polymer. The ratio between the mmol of
acid and the mmol of the repetitive units of the polymer multi-
plied by 100 is necessary to obtain the degree of derivatization
(DD). This value represents the number of carboxylic groups per
100 repetitive units. A derivative having a DD equal to 300+ 10
was obtained (labeled as Scl-CM3qg) and used for all the studies.
The freeze-dried polymer was mixed with KBr and characterized
by FT-IR spectroscopy in the range of 4000-650cm~! (resolution
of 1cm™1), using a FT-IR Perkin Elmer Paragon 1000 spectropho-
tometer.

2.3. Hydrogel preparation

Solutions of Scl-CM3qq (2.0% w/v) were prepared by solubilizing
Scl-CMj3q0 (0.1 g) in 5 ml of distilled water. The mixtures were kept
under stirring at 60°C for 30 minutes to allow a complete solubi-
lization of the polymer. The polymeric solutions were then left to
cool down at room temperature (19-20°C), to obtain the formation
of the corresponding physical hydrogels.

Hydrogels loaded with drugs were prepared following the same
procedure described above. Specifically, fluconazole, diclofenac
sodium salt, and betamethasone phosphate sodium salt were
selected as model molecules for the preparation of the medicated
physical hydrogels of Scl-CM3qg. Each drug was mixed with the
polymeric solution before the gel formation at 60°C in the range of
concentration from 0.1 up to 0.5% w/v.

2.4. Rheological characterization

Rheological experiments were carried out with a Haake
RheoStress 300 Rotational Rheometer (Germany) equipped with
a Haake DC10 thermostat. Flow curves were recorded with a share
stress in the range of 0.01-100Pa at 37.0+0.1°C. Physical hydro-
gels of Scl-CM3qg (2% w/v) with and without drugs were placed on
a cone-plate geometry (angle of 1°) in order to completely cover
the surface. In addition, frequency sweep tests were carried out on
the same samples in the range of 0.01 up to 10 Hz. Mechanical spec-
tra were recorded within the linear viscoelastic region measuring
hydrogels response at a strain amplitude of 1%.

2.5. Release studies with Franz diffusion cell
Release studies were carried out from hydrogels loaded with
fluconazole, diclofenac sodium salt and betamethasone phos-

phate sodium salt (0.25% w/v) using a vertical Franz cell (Olejnik,
Goscianska, & Nowak, 2012).
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The cylindrical donor chamber (cross-section area 0.5 cm?) was
loaded with a weighted amount (100mg) of the drug-carrying
hydrogel, gel thickness Lg =2 mm.

The donor chamber was separated by the receptor one with
a dialysis membrane (cellophane membrane, Visking tubing, cut-
off 12,000-14,000Da) having an area of 0.5cm? and thickness
Lm =48 pm.

The receptor chamber was filled with 4.1 ml of phosphate buffer
pH 7.4 under constant stirring (50 rpm). pH 7.4 was chosen for this
study because of the dependence of diclofenac solubility from pH
(Pobudkowska & Domanska, 2014). At pH 7.4 we have the maxi-
mum solubility of diclofenac, therefore even if back-diffusion of the
release medium towards the donor compartment occurred during
the study, no drug precipitation is expected within the gel.

Release experiments were carried out keeping the diffusion cell
inawater bath at 37.0+0.1°C for 24 h. Aliquots of 250 .l were with-
drawn at fixed time intervals and replaced with equal volumes of
fresh buffer.

The release rate of diclofenac from Scl-CM3gg-based hydrogels
was also studied at room temperature (20 + 1°C) following the
same experimental set-up.

In addition, diffusion profiles of 0.25% w/v aqueous solutions of
the three investigated drugs (0.1 ml, solvent thickness in the donor
chamber Ls =Lg =2 mm) were used as blanks.

Diffusion profiles of 0.25% w/v aqueous solutions of theophylline
were also used as blanks to investigate the dependence of the drug
diffusion coefficient in the dialysis membrane on the drug molec-
ular weight.

All the drugs were quantified by HPLC analysis carried out with
a Perkin-Elmer apparatus equipped with a Perkin Elmer Series 200
LC pump and a series 235 Diode Array Detector, using a Merck
Hibar LiChrocart (250-4, 5 um) RP-18 column. The three drugs were
determined according to already reported analytical methods, with
some modifications. Diclofenac was analyzed using a mixture con-
sisting of methanol and 0.01 M phosphoric acid (80:20, v:v), as
the mobile phase, with a flow rate 0.7 ml/min and measuring the
drug at 215 nm (Corrente et al., 2012). Fluconazole was analyzed
using a mobile phase consisting of methanol, water and acetic acid
(50:48:2, v:v:v), with a flow rate of 0.9 ml/min and monitoring the
drug at 260 nm (Moraes et al., 1999). Betamethasone was instead
detected using a mobile phase made of methanol and 0.01 M phos-
phoric acid (60:40, v:v), with a flow rate 0.8 ml/min and detecting
the drug at 215 nm (Gonzalo-Lumbreras, Santos-Montes, Garcia-
Moreno, & Izquierdo-Hornillos, 1997).

All the experiments were repeated in triplicate, and the results
reported as mean value + standard deviation.

2.6. Mathematical models of permeation experiments in a
vertical Franz cell

We present the time-dependent one-dimensional Fickian and
non-Fickian transport models adopted to describe drug permeation
in a Franz vertical cell, both accounting for the presence of the
cellophane (dialysis) membrane and finite volume of the receptor
chamber.

Both transport models are numerically solved by Finite Element
Method (FEM) using Comsol 3.5 Multiphysics. The Convection-
Diffusion Package in Transient Analysis has been used. The linear
solver adopted is UMFPACK, with relative tolerance 10~> and abso-
lute tolerance 1075, The Time Stepping Method adopted is BDF
with a Strict policy for Time steps taken by the solver. Lagrangian
quadratic elements are chosen. The number of finite elements is
2.10* with a non-uniform mesh. Maximum-minimum element
sizes 2.5-1073-2.5.1077 in dimensionless units (total length of
the domain in dimensionless units 1.024). Smaller elements are

located in the membrane domain and close to the boundaries
gel/membrane and membrane/receptor chamber to guarantee the
convergence of the numerical scheme and accurate resolution of
concentration gradients.

2.6.1. Fickian diffusion model

Drug release from Scl-CM3g9 networks can be described as a
purely one-dimensional Fickian diffusion process (along the ver-
tical coordinate z spanning the donor chamber), assuming that no
drug/hydrogel matrix interaction and no matrix erosion of the fully
swollen hydrogel occurr during the release experiments.

A purely Fickian transport model can be adopted to describe
blank experimental release data as well as release data from
Scl-CM3q9 hydrogels for molecules that exhibit a typical Fickian
behavior, i.e. M¢/M,,~t1/2 at short-intermediate time scales.

Let us indicate with Cg, Dg, Cm, and Dy, the drug concen-
trations and the effective diffusion coefficients in the hydrogel
and the dialysis membrane, respectively. Cy indicates the initial
drug concentration in the hydrogel (thickness Lg =2 mm, volume
Vg =0.1cm?). The dialysis membrane used in the study has a thick-
ness Ly, =48 um and a volume Vy, =2.4 mm?3.

Let Cres be the drug concentration in the perfectly mixed recep-
tor chamber of volume Vyes =4.1 ml.

By introducing the dimensionless time and space variables
T, {, am, B and the diffusivity ratio Yg

T=tDn/LZ, {=2/Ly, am =Lm/Lg, B=Vg/Vres, Vg =Dg/Dm (1)

the transport equations and the boundary/initial conditions can
be written as:

acg 9 s B B

e =Yg for 0<¢<1, T =0a =0 G(0.5=C
(2)

8ﬁ:azcmfor1<§<1-|-o¢ Cn=Czat £=1 (3)

dt 92 meemee

Vg%i‘g=aa% at £ =1,Cn=GCes at {=1+am, Gy (0,£)=0(4)

dCres oCm _ _

dz :_ﬁT; at =1+ am, Ges(0)=0 (5)

We assume no mass-transfer resistance at the membrane-
receptor chamber interface and unitary partition coefficients at
the membrane-receptor chamber interface as well as at the gel
membrane interface. The balance equation for Cres, Eq. (5), and the
boundary condition Cpy = Gres at{ = 1 + o account for the finite
volume of the receptor chamber.

By solving the transport equations Eqgs. (2)-(5) for Cg, Cm, and
Cres, the drug-release curve can be computed as follows

M _ ViesCres (T)
Moo VresCies

BCo _ VgCo
1+8(1+am) 1+B8(1+am)

s Moo = Vres (6)

where My, < VzCp because of the finite volume of the receptor
chamber. The same set of transport equations can be used to
describe the blanks, representing the drug release studies from the
aqueous solutions without the hydrogel. This is possible by simply
replacing Cg (drug concentration in the gel) with Cs (drug concen-
tration in the aqueous solution placed in the donor chamber) and
considering the diffusivity ratio ys = Ds/Dp, instead of yg = Dg/Dp,
where Ds represents the drug diffusivity in the solvent solution.
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The Wilke-Chang correlation (Hayduk & Laudie, 1974) was used
to estimate D; for each model drug

D{™ [cm? /5] = 7.4 x 10-8Y sMWsT (7)

0.6
77Bvdrug

where B indicates the solvent (water, ¥g = 2.26) and V,, is the
LeBas drug molar volume usually obtained from a group contribu-
tion approach, considering the contributions of individual atoms,
functional groups and cycles composing each molecule (Hayduk &
Laudie, 1974).

From the blanks, we estimate the effective diffusion coefficient
of the different model drugs in the dialysis membrane D, by best
fitting the only unknown parameter ys.

Hence, from the release data from Scl-CMs3qg hydrogel, we esti-
mate the effective diffusion coefficient of each model drug Dg in the
hydrogel by best fitting the only unknown parameter y = Dg/Dp.

This model fits well blank experimental release data as well as
release data from Scl-CM3p hydrogel for molecules that exhibit
a typical Fickian behavior, i.e. M;/Mq,~1'/2 at short-intermediate
time scales.

2.6.2. Drug/hydrogel interaction model

A second mathematical model was introduced to describe pos-
sible interactions between a model drug and the hydrogel matrix
and their effects on the drug release kinetics. This model can
be used to explain the apparent “anomalous” non-Fickian behav-
ior M;/Ms~T" characterized by an exponent n »1/2 that can be
observed at short-intermediate time scales in the presence of
solute/polymeric matrix interactions (for a fully swollen gel). In this
case, a two-phases kinetic model, originally proposed by Adrover
(Adrover, Giona, Grassi, Lapasin & Pricl, 1996) for drug release from
water swollen scleroglucan matrices, is adopted to describe the sys-
tem. Specifically, it is possible to define a fraction & of the drug
molecules that is capable of interacting with the polymeric net-
work, which can be separated from the other drug molecules that
are simply dissolved in the water phase of the hydrogel, where they
are free to diffuse with an effective diffusion coefficient Dg.

A similar approach has been adopted by Singh et al., modeling
drug release from hydrogels via a diffusion transport coupled with
a sorption/desorption mechanism (Singh, Lumpkin, & Rosenblatt,
1994). The “two-phases” model adopted in the present work actu-
ally describes the adsorption/desorption mechanism in terms of
a linear transfer rate from the adsorbed “bounded” phase to the
desorbed “free” (or gel-solvent) phase and vice versa.

Let us then indicate C,, and Cg as the drug concentrations in the
bounded and free (gel-solvent) phases, respectively. By assuming
a reversible reaction and a linear transfer rate from the bounded
to the free phase —rj,_ s = KpCpas well as a linear transfer rate
from the free to the bounded phase —r,_,, = Kg,Cg, the dynamic
equations describing the phenomenon can be written as

s _ PG

97 =Vs 3;2 + ¢ ve (Cb—Cg/Keq) for 0<¢<1 (8)
aCyp 2

W=*¢ Ve (Cp— Cg/Keq) for 0=t =1 9)
G, 3 3 B

=0 ar =0 G=Cnat =1 (10)
G (0,5)=(1-¢)Co, Cp(0,8)=¢Co (11)

where Keq = Kgp/Kpg is the equilibrium constant (depending on the

. Kpgl? . . .
temperature of the experiment) and ¢2 = bDng is a dimensionless

parameter, equivalent to a square Thiele modulus, representing the
ratio between the characteristic diffusion time L?/Dgin the free

(gel-solvent) phase and the characteristic time for the reversible
transfer from the bounded to the free phase 1/Kjg. No drug diffu-
sion occurs in the bounded phase. Balance equations for C, and Cres,
as well as the boundary conditions for Cg and Cr, remain unchanged
with respect to the purely Fickian diffusion model, see Egs. (3-5) in
Section 2.6.1.

In this case, the total amount of drug released up to an infinite
time reads as

VeCo

limr.ocM: =
T—o0lVIT 1+,8(1+am+Ke_ql)

(12)

that can be significantly smaller than M, (see Eq. (6)), depend-

ing on the value of K,q, because for any finite value of Keq, part of

Vg CoBKyy! .
m, get trapped in
the bounded phase and never released.

The initial partition coefficient € depends on the initial temper-
ature of the gel sample. If the gel sample is kept at constant ambient
temperature Ty prior of the experiment and then, at time t=0, placed
in the donor chamber in contact with the solvent solution in the
receptor chamber kept at constant temperature T = 37.0 +£0.1°C
(temperature of the water bath), the initial partition coefficient
reads as

1
" 1+ Keq (To)

the drug, namely the total amount

e (13)

The gel sample, initially at temperature Ty, rapidly warms up
(1-3 minutes) to the water bath temperature T and the release pro-
cess takes place at constant temperature T.

The equilibrium constant Keq (Tp)at the initial temperature Ty,
and therefore the initial partition coefficient &, can be esti-
mated from an independent release experiment performed at
temperature Tyof the water bath, by experimentally estimating
lim;_. oM at T = Tg and therefore Keq (Tp) from Eq. (12) and & from
Eq. (13).

2.7. Primary skin irritation experiments

Three healthy male New Zealand White rabbits were purchased
from Charles River (Calco Lecco, Italy) and acclimated to the labora-
tory for a week. The rabbits were individually housed and received
a standard diet and tap water ad libitum. Laboratory animal care
guidelines (EEC Directive of 1986; 86/609/EEC) were followed. The
back of the animals was clipped free of their fur with an electric clip-
per 24 h before application of the samples. Clipped rabbit skin was
divided into four sites of same area (30 x 30 mm). Scl, Scl-CM3qg-
based hydrogels were spread on two of the four different locations
(500 mg/site), whereas the other two ones were kept free from any
material application and used as a visual control. The treated and
the control areas were covered with a gauze, and the back of the
rabbit was wrapped with a non-occlusive bandage. After the treat-
ment, the animals were returned to their cages. Bandages and the
test hydrogels were removed after 4 h and rabbits were examined
for skinirritation 1 hour later. Observation of the different sites was
repeated at 24, 48 and 72 h. The reaction, defined as erythema or
edema, was evaluated according to the score of the skin reactions
already reported. The score of primary irritation (SPI) was calcu-
lated for each rabbit as the difference between the sum of the scores
of erythema and edema at 24, 48 and 72 h in the treated sites and
the control areas. These values were also divided by the number of
observations. The primary skin irritation index (PII) was calculated
as the arithmetical mean of the SPI values of the three animals.
The evaluation of PII was performed according to the categories
reported in the literature (Draize, Woodard & Calvery, 1944).
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Fig. 1. Rheological characterization of ScI-CM3go physical hydrogels. A) Schematic representation of hydrogen bond formation among carboxyl and hydroxyl groups. B) Flow
curve showing the pseudoplastic behavior of the polymer at 37.0 £+ 0.1°C. C) Representative picture of Scl-CMsgp physical hydrogel and the corresponding frequency sweep
test carried out in the range of 0.01-10 Hz. Full circles represent the elastic modulus G’ and empty circles the viscous modulus G”.

3. Results and discussion
3.1. Physical hydrogel preparation and characterization

Scleroglucan carboxymethyl (Scl-CM3qg) with a high degree of
derivatization was obtained following a previously established pro-
tocol (Corrente et al., 2012). FT-IR spectra of the polymer prior and
after ion exchange were recorded to evaluate the conversion of
Scl in its carboxymethyl derivative. As expected, elution through
DOWEX resin caused the complete conversion of the polymer to
the free acid derivative and a consequent increase in the intensity of
the corresponding stretching band at 1725 cm~! could be observed
(Fig. S2). In fact, a shift in the equilibrium from the carboxylate
group (-COO™) to the carboxylic group (-COOH) is evident from the
overlapping of the FT-IR spectra. Specifically, the stretching of the
carbonyl group shifts from 1590cm~! (before ionic exchange) to
1725 cm! (after ionic exchange), thus indicating a higher presence
of carboxylic groups in the protonated form. The total amount of
carboxylic groups added to the polymer backbone was quantified
through potentiometer titration and resulted in being 300 & 10.

The high number of carboxymethyl functional groups intro-
duced on the Scl backbone promote interaction among the
polymeric chains, making possible the formation of physical hydro-
gels without the addition of any salt. Specifically, the carboxylic
groups introduced in the backbone of the polysaccharide can form
hydrogen bonds and ion-dipole interactions, responsible for the
physical gel formation (Fig. 1A). Hydrogels were formed at the
concentration of 2.0% w/v in the presence and absence of drugs.
This concentration was chosen as the optimal one because of the

homogeneous consistency of the hydrogels suitable for topical
application.

The flow curve of the plain hydrogel (without drugs) has been
carried out to study the rheological properties of the system at
different shear rates (Fig. 1B). SclI-CM3qg at 2.0% w/v showed a
shear-thinning behavior that is typical of a pseudoplastic macro-
molecular system. It is noteworthy that the viscosity behavior of
Scl-CM at a high degree of derivatization resembles the flow prop-
erties of native scleroglucan at the same concentration (Corrente
et al., 2012). The preservation of the pseudoplastic flow behavior
after derivatization is an essential feature allowing the use of this
system as a topical formulation, which can be applied to the skin
or to the mucosae.

Frequency sweep tests carried out in the viscoelastic region
showed values of the elastic modulus G’ higher than the viscous
modulus G” over the range of frequencies tested (Fig. 1C), indi-
cating the formation of a physical hydrogel. The value of G’ slightly
changes throughout the test showing the typical behavior of a weak
gel, for which the value of G’ is influenced by the frequency of the
applied deformation.

3.2. Rheological characterization of drug loaded Scl-CM3qg
physical hydrogels

A previous report (Corrente et al., 2012) proposing Scl-CM3qq
hydrogels as drug carriers for oral drug administration, showed
that a reduction in the pH value can increase the hydrogel strength
(higher values of the G’ elastic modulus) and reduce the swelling
capacity of the matrix.
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Fig. 2. Comparison of flow curves of Scl-CM3q¢ physical hydrogels loaded with different concentration (from 0.1% w/v up to 0.5% w/v) of A) fluconazole, B) diclofenac and C)

betamethasone. Flow curves were recorded at 37.0 + 0.1°C.

The focus of our investigation was to determine whether the
presence of a loaded drug could affect the rheological properties
of Scl-CM3gg hydrogels as drug carriers for topical administration.
To this end, three different therapeutic molecules, such as flucona-
zole, diclofenac, and betamethasone phosphate were included in
the polymeric solution of Scl-CM3qg 2.0% w/v before hydrogel for-
mation. Different concentrations of the three drugs were tested
varying from 0.1% w/v up to 0.5% w/v.

Irrespective of the drug considered and its amount, the cor-
responding physical hydrogels showed shear-thinning behavior
similar to the plain system, with almost no significant effects on
the viscosity values (see Fig. 2).

Results of frequency sweep tests for the hydrogels loaded with
the selected drugs (0.25% w/v) showed different behaviors accord-
ing to the type of molecule loaded in the polymeric network (see
Fig. 3).

Fluconazole did not influence the hydrogel properties over the
whole range of frequencies investigated, and only a small decrease
in the G” values was observed respect to the hydrogel without
the drug. Mechanical spectra of Scl-CM3(o hydrogel loaded with
betamethasone showed a reduction of both G’ and G” when com-
pared to the plain hydrogel, indicating that the drug partially
interferes with the formation of the polymeric network, thus result-
ing in a softer hydrogel.

On the contrary, the presence of diclofenac induced a signifi-
cant increase of both G’ and G”, thus indicating the formation of a
stronger gel (Fig. 3C). It is possible to assume that the presence of
a carboxylic group in the diclofenac molecule leads to additional
hydrogen bonding interactions affecting the final rheological prop-
erties of the physical hydrogel.

Based on these results it may be expected a different ability
of the Scl-CM3gp network to modulate the release of the three
selected molecules. In fact, besides the molecular weight and the
chemical structure of the investigated drugs, the strength of the
drug-polymer interactions is an additional factor, which may affect
the molecular mobility of the incorporated model drug, playing a
critical role in controlling the release rate from the polymer matrix.

For this reason, these findings were further investigated through
in-vitro release tests.

3.3. Release studies

3.3.1. Analysis of release data from blanks

Fig. 4 shows the release profiles of the three model drugs in
aqueous solution (blank systems, points with error bars) and the
comparison with the Fickian model described in Section 2.6.1 (con-
tinuous lines).
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Fig. 3. Frequency sweep tests carried out in the range of 0.01-10 Hz for plain Scl-CM3q0 hydrogel (red square and circular points for G’ and G”, respectively) and loaded with
different model drugs (upper and lower triangular points for G’ and G”, respectively). A) fluconazole; B) betamethasone; C) diclofenac.

It can be observed that diclofenac and fluconazole exhibit sim-
ilar blank release curves since they are characterized by very
close values of the LeBas volume. A slower release is obtained for
betamethasone due to the significantly larger value of its LeBas
volume.

Model curves were obtained, for each model drug, by estimating
Ds from the Wilke-Chang correlation Eq. (7) and by best fitting the
ratio y; = Ds /D, in the Fickian transport model (see Table 1).

The values of s are in the order of 10! for all the model drugs,
thus implying that the effective diffusion coefficient in the dialysis
membrane is one order of magnitude smaller than the diffusiv-
ity in water solution. Therefore the dialysis cellophane membrane,
even if extremely thin (L, =48 wm), offers a significant resistance to
drug transport from the donor to the receptor compartment and its
presence should be necessarily taken into account in the transport
model (Ng, Rouse, Sanderson & Eccleston, 2010). This is in agree-
ment with other drug release studies from Scleroglucan hydrogels
making use of the same cellophane membrane (Visking tubing, cut-
off 12,000-14,000 Da) in two or three compartments diffusion cells
(Coviello, Grassi, Lapasin, Marino, & Alhaique, 2003).

This observation is further supported by the analysis of blank
release data from a 0.25% w/v aqueous solutions of theophylline
(TPH, see Fig. S3), usually adopted as a model drug and character-
ized by both a low MW and a small LeBas volume.

For TPH, the value of the water diffusivity Ds = 8.39 x
107% cm?/sestimated from the Wilke-Chang correlation, is in
perfect agreement with experimental literature data Ds = 8.2 x
1076 cm?/s at 37.0°C (Grassi, Colombo, Lapasin & Pricl, 2001;
Coviello et al., 2003) and the best fit value of the diffusivity ratio is
ys=16+0.2.

Fig. 4B shows the effective diffusion coefficient in the dialysis
membrane Dy, as a function of the molecular weight for all the
model drugs analyzed, highlighting how Dy, is a linear decreas-
ing function of the molecular weight over the whole range of MW
analyzed.

3.3.2. Analysis of release data from Scl-CM3qg hydrogels

Fig. 5 shows experimental release data of the three model drugs
under investigation from Scl-CM3go hydrogels at 37.0°C.

Continuous black lines a-b represent the short-intermediate
time-scale Fickian behavior Mt/Mc,o~t1/2 (in agreement with the
release data of fluconazole and betamethasone) while curve c rep-
resents the “anomalous” non-Fickian behavior M;/Ms~t" with
n=1.2»1/2, in agreement with diclofenac release profile (Fig. 5).
Drug-polymer interactions are here responsible for the time-lag
observed in the early-stage release curve of diclofenac that is a
typical feature of non-Fickian transport. Similar features have been
observedindrugrelease experiments from sclerox and cross-linked
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Table 1

LeBas molar volumes, diffusion coefficients in water solution, diffusivity ratio y and effective diffusion coefficient in the dialysis membrane and in Scl-CM3qo hydrogel at

37.0 £ 0.1°C for different model drugs.

Vig [mol/cm3] Ds [cmz/s]

Vs = Ds/Dm

D [cmz/s] Ve Dy [cmz/s]

8.39.107°6
6.05-107°
5.89.107°
4.56.107°

Theophylline 170.2
Diclofenac 294.8
Fluconazole 307.6
Betamethasone 471.2

16.0+£0.2
14.1+£0.2
14.0+£0.2
19.4+0.2

5.24+0.06 -1077 ne. n.e.

4.29+0.06 -1077 14.14+0.2 6.05-10°°
4.20+0.06 -1077 14.04+0.2 5.89.107°
2.35+0.02 -1077 11.5+0.2 2.70-107°

n.e. not evaluated.
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Fig. 4. A) Experimental release data from 0.1 ml of aqueous solutions (0.25% w/v)
(blanks, points with error bars) containing different model drugs and the compari-
son with the Fickian transport model described in section 2.6.1 (continuous lines).
Best fit values of the diffusivity ratio y; = Ds /Dy, are reported in Table 1. The arrow
indicates increasing values of the LeBas volume. B) D,,vs MW for different model
drugs, including TPH.
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Fig. 5. Experimental release data from Scl-CMs3oo hydrogel containing different
model drugs and the comparison with the Fickian short-intermediate time-scale
behavior M;/Ma,~t'/2 (curves a-b) and the non-Fickian behavior M;/M.,~t" with
n=1.2»1/2 (curve c). The arrow indicates increasing values of LeBas molar volumes.

sclerox hydrogels (Coviello, Grassi, Rambone, & Alhaique, 2001).
These results confirmed the trend observed in the frequency sweep
tests where diclofenac was the only tested drug capable of increas-
ing the values of G’ and G” due to the formation of drug-polymer
hydrogen bonding interactions. The same interactions are here
responsible for the observed anomalous release.

Specifically, diclofenac is released at a significantly slower rate
than fluconazole and betamethasone, despite the fact that its LeBas
molar volume is similar or significantly smaller than the ones
reported for fluconazole and betamethasone. Moreover, not the
whole amount of drug initially loaded is actually released after
24 h. For these reasons, a Fickian transport model was adopted for
fluconazole and betamethasone (Section 2.6.1), whereas the non-
Fickian solute transport model (Section 2.6.2) taking into account
drug/hydrogel interactions, was introduced to describe diclofenac
release curves.

The half-life time t!/2 for drug molecules non interacting with
the hydrogel matrix are t!/2=45.6 min for fluconazole (MW=306)
and t!2=96min for betamethasone (MW=516). Therefore by
almost doubling the molecular weight of the loaded drug, also the
half-life time doubles.

Henceforth the hydrogel Scl-CM3qq appears to be suitable for
drug delivery as the release is strongly dependent on the dimen-
sions of the model drug and therefore the delivery can be tailored
in function of the steric hindrance of the entrapped molecule.

Similar release features have been observed by Coviello et al.,
2005b for Scl/Borax hydrogels, which they proposed as suitable
hydrogels for a sustained drug delivery.

Coviello et al.,, 2005b observed a Fickian behaviour for the
release curves of TPH (MW=180), Vit. B12 (MW=1355) and myo-
globin (MW=17800) from Scl/Borax hydrogel in distilled water and
showed how half-lives for Vit. B12 (about ten times bigger than TPH
in terms of MW) and myoglobin (about one hundred times bigger
than TPH) were respectively about two and five times bigger than
the TPH half-life.

Therefore, the hydrogel of Scl-CM3qo appears to be more sensi-
tive to the drug molecular weight than Scl/Borax hydrogel.

3.3.3. Release data modeling

Fig. 6A shows fluconazole release data from an aqueous solu-
tion and from the hydrogel in excellent agreement with the Fickian
transport model with ys = y;, since release data from the hydrogel
and from the aqueous solution are almost coincident. It is there-
fore a case of an ideal topical release, as this formulation does not
offer additional resistance to fluconazole release with respect to an
aqueous solution.

Fig. 6B shows betamethasone release data from aqueous solu-
tion and hydrogel in excellent agreement with the Fickian transport
model with y5; = 19.4and y; = 11.5. Therefore, the Scl-CM3 for-
mulation offers a small additional resistance to betamethasone
transport (larger LeBas molar volume) since Dg = (J/g/)/s) Ds ~
0.59D;. For a direct comparison between Dg and D; for different
model drugs see Table 1.

Fig. 6C shows diclofenac release data from aqueous solu-
tion and hydrogel at 37.0 £+ 0.1°C, together with the release data
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Fig. 6. Experimental release data of A) fluconazole from water solution and from Scl-CM3go hydrogel and the comparison with the Fickian transport model with ys = yg;
B) betamethasone from water solution and from Scl-CM3q0 hydrogel and the comparison with the Fickian transport model with y5; = 19.4and y, = 11.5; C) diclofenac from
water solution (at 37.0°C) and from Scl-CM3go hydrogel at 37.0°C and 20°C. Broken dot-line curve represents the Fickian transport model for blank with y5 = 14.1. Continuous
line represents the non-Fickian drug/matrix interaction model with y; = s = 14.1and ¢? = 0.74 £ 0.02.

from hydrogel at room temperature 20°C. The release curve from
Scl-CM3q9 hydrogel is significantly slower than that from water
solution although the diclofenac molecule exhibits the smallest
LeBas volume among the three model drugs analyzed.

Rheological results support the idea of a chemical interaction
between diclofenac and the hydrogel matrix.

Release data at room temperature are a direct evidence not only
for the interaction between diclofenac and Scl-CM3qq, but they also
suggest that a very large amount of drug is bounded to the polymer
matrix and is unable to diffuse out from the hydrogel. In fact, only
10% of the drug is released from the hydrogel after 24 h.

As discussed in Section 2.6.2, from the asymptotic value
lim¢_, 0oMt /Moo (20°C) = 0.11 £ 0.02 and from Egs. (12-13) we esti-
mate Keq (20°C) =2.9- 102 and the initial partition coefficient & =
0.001 for the release experiment at the working temperature of
37.0°C.

The three other parameters entering the non-Fickian trans-
port model are yg, Keq (37°C) and ¢?. From the asymptotic value
lim;¢_, ooM; /My (37°C) = 0.96 £ 0.03 and from Egs. (12) we esti-
mate Keq (37°C = 0.57). For y; we set g = ys = 14.1 because of the
small LeBas volume of the drug molecule. The only best fit param-
eter is the square Thiele modulus ¢?.

Fig. 6C shows the excellent agreement between the release data
from the hydrogel and the non-Fickian transport model with g2 =
0.74 4+ 0.02.

The best fit value of ¢2, order of unity, indicates that the char-
acteristic time for the irreversible transfer from the bounded to the
free-solvent phase is of the same order as the characteristic dif-

fusion time, thus explaining the significant slowing down of the
experimental release curve.

The data obtained proved that Scl-CMsgg-based hydrogels are
useful for a sustained release of diclofenac, provided that the per-
centage of drug released after 5 h is less than 80%.

3.4. Primary skin irritation experiments

Primary skin irritation experiments were carried out on rabbits,
to assess possible use of SclI-CM3gg-based hydrogels in topical for-
mulations. Individual skin irritation scores, calculated as described
in Section 2.7, were always equal to 0. No signs of erythema or
edema were observed in the animals up to 72 h after the application
of the samples. According to these data, the primary skin irrita-
tion index (PII) of the tested materials was negligible, highlighting
that Scl-CM3qg possesses adequate properties for application as a
modified drug delivery system in topical formulations.

4. Conclusions

High-carboxymethylated scleroglucan can form physical hydro-
gels with negligible primary skin irritation index and adequate
rheological properties even in the presence of different therapeutic
drugs such as fluconazole, diclofenac sodium salt, and betametha-
sone phosphate sodium.

The shear thinning behavior of the system was not affected by
loading these molecules within the polymeric network. A slightly
weaker hydrogel was obtained with betamethasone. On the con-
trary, the carboxylic group of diclofenac made it able to interact
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with Scl-CM3qg, thus strengthening the mechanical properties of
the corresponding physical gel.

These findings are supported by experimental drug release stud-
ies carried out on drug-loaded Scl-CM3qy hydrogels and further
confirmed by mathematical modeling of the release profiles. In
fact, while betamethasone and fluconazole were released according
to a Fickian transport model, model analysis applied to diclofenac
explained the non-Fickian feature of its release profile.

The estimated values of effective drug diffusion coefficients
in the hydrogel for betamethasone and fluconazole, compared to
those in an aqueous solution, led us to propose Scl-CM3gg as an
excellent formulation for fast topical release. The slower release
rate observed for diclofenac, due to drug-polymer interactions,
made Scl-CM3qg useful for a sustained topical release of this drug.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.carbpol.2017.07.
008.
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Figure S1. Scheme of the reaction followed to obtain a high carboxymethyl derivate of

scleroglucan.
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Figure S2. FT-IR spectra of Scl-CM before and after ionical exchange. A shift in the equilibrium
from the carboxylate group (-COO) to the carboxylic group (-COOH) is evident from the
overlapping of the two spectra. Specifically, the stretching of the carbonyl group shifts from 1590
cm? before ionical exchange (dotted arrow) to 1725 cm™ (bold arrow), indicating a higher presence
of carboxylic groups in the protonated form. In fact, the intensity of this band changes according
to the protonation degree of the carboxylic groups. As expetcted, it increases markedly after
polymer elution through an ion-exchange DOWEX resin, which causes the complete protonation
of all the carboxylic groups of Scl-CM.
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The derivatization of the polymer was also previously demonstrated by monodimensional
and bidimensional 'H-NMR analysis carried out on lower derivatized Scl-CM. The NMR
analysis clearly showed the presence of carboxymethyl groups and the site of derivatization.
In fact, it was demonstrated that, on low derivatized Scl-CM, the carboxymethyl groups
were introduced on the primary hydroxyl groups of the lateral glucose (A. Cerreto, F.
Corrente, B. Botta, S. Pacelli, P. Paolicelli, L. Mannina, M.A. Casadei. NMR Characterization
of Carboxymethyl Scleroglucan. International Journal of Polymer Analysis and

Characterization, 2013, 18(8), 587-595.
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Figure S3. Experimental release data from 0.1 ml of aqueous solutions (0.25% w/v), (points
with error bars), containing TPH and the comparison with the Fickian transport model
described in section 2.6.1 (continuous lines). Best-fit values of the diffusivity ratio is y; =
16.0+0.2.
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ARTICLE INFO ABSTRACT

Keywords: The design of an efficient drug delivery platform relies on the fabrication of a suitable polymeric network that
Sustained release can modulate the release of therapeutic molecules. In this study, we aimed to reach this goal by fabricating a
Toug_ll{less novel nanocomposite double network (nDN) hydrogel, which contains the synthetic clay Laponite as the na-
Elasticity nofiller necessary to influence the mechanical, physical and releasing properties of the designed carrier. Laponite
?;iz;'efwate d network concentration was varied from 0.5% up to 1.5% w/v to modulate the mechanical and swelling behavior of a
Gellan gum hydrogel made of a methacrylate derivate of gellan gum (GG-MA), which served as the first brittle network of the

nDN system. Additionally, polyethylene glycol dimethacrylate (PEG-DMA) was chosen as the second soft and
elastic network. The inclusion of the clay at a concentration as low as 0.5% w/V positively influenced the single
network (SN) hydrogel properties by increasing the stiffness and reducing the swelling ratio of the GG-MA
hydrogels. The presence of Laponite® affected the amount of PEG-DMA diffused within the SN of GG-MA. The
resulting stretchable and tough nDN system presented a higher swelling ratio in deionized water, and elasticity
when compared to the DN hydrogels without any Laponite. Finally, the nDN system showed increased drug
adsorption and displayed a better control in modulating the release kinetics of the model drug ofloxacin. Overall,
these findings suggest the possible use of the designed nDN system as a novel drug delivery platform for the
sustained release of therapeutic molecules.

1. Introduction

A suitable polymeric carrier for drug delivery applications possesses
the ability to effectively promote the sustained release of a therapeutic
molecule over an extended time [1,2]. Achieving this goal allows pre-
cise control over the pharmacological activity of a drug and helps to
maintain its plasmatic concentration within the therapeutic window
[3,4]. Among the available carriers, polymeric hydrogels represent
ideal candidates for the design of sustained drug release platforms
[5,6]. Their high value relies on the tunable properties, such as swel-
ling, porosity, mechanical stability and responsiveness to physical sti-
muli. All these factors can be precisely optimized to modulate the
loading efficiency and the drug release kinetic [7].

One common strategy to design a polymeric hydrogel for drug de-
livery consists of the crosslinking of a single network (SN) made of

natural or synthetic polymers [8]. However, SN hydrogels often do not
possess the requirements to be used as carriers for drug delivery ap-
plications. One of the major issues commonly reported with SN hy-
drogels is the lack of control during the process of crosslinking [9]. This
problem leads to the synthesis of a heterogeneous structure, which
negatively affects the ability of the hydrogel to modulate the release of
a loaded drug. Similarly, SN hydrogels possess poor mechanical prop-
erties mainly due to their inhomogeneous brittle network, which easily
breaks after the application of small forces. All of these limitations have
restricted the applicability of SN hydrogels as carriers for the sustained
release of therapeutic molecules [10].

A more promising approach consists of polymeric interpenetrating
networks. This route of synthesis combines in a unique platform two
different networks to obtain a synergistic effect in terms of physical and
mechanical properties [11,12]. A well-explored example of an
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interpenetrated network is represented by double network hydrogels
(DN) [13,14]. One of the most interesting features about DN hydrogels
is their excellent mechanical properties including high toughness and
resistance to failure along with their high water content [15]. These
advantages make them better candidates for the design of novel drug
delivery platforms compared to SN hydrogels [16]. A DN hydrogel
consists of a first network made of a brittle and polyelectrolyte polymer
while the second network presents a soft and elastic behavior [17].
Starting from this original approach, researchers have widely in-
vestigated other alternative and innovative designs including but not
limited to void DN [18], anisotropic DN [14], microgel-reinforced DN
[19], and nanocomposite DN (nDN) systems [20,21]. The last alter-
native consists of the inclusion of inorganic nanomaterials to generate a
nanocomposite material with tunable physical and mechanical prop-
erties. For instance, the nanomaterial can impact the equilibrium of
swelling, the mechanical properties and the ability of the DN system to
retain and control the release of a loaded drug [22]. A large variety of
nanomaterials has been tested as nanofillers in both synthetic and
natural DN systems. These include polymeric nanoparticles [21], gra-
phene oxide [23,24], carbon nanotubes [25], and inorganic material
including nanosilicate-based nanofillers [26]. Among the last group,
Laponite is an interesting example of a synthetic nanosilicate that can
be introduced to modulate the physical, mechanical and release prop-
erties of DN hydrogels [20]. Laponite presents a layered structure
(~25nm diameter, ~1 nm thickness) and anionic charges on the sur-
face that can establish electrostatic interactions both with polymers and
drugs [27]. The extent of these interactions can vary based on the
concentration of Laponite used and the type of polymers combined in
the DN systems [28]. For these reasons, here in this work, we propose
the use of Laponite as a nanofiller to modulate the properties of a novel
nDN system as a carrier for therapeutic drugs. Specifically, we will
investigate the effect of the synthetic clay on the physical, mechanical
and release properties of a DN hydrogel made of gellan gum metha-
crylate (GG-MA) and polyethylene glycol dimethacryate (PEG-DMA).
GG-MA will serve as the first brittle poly-anionic network and PEG-
DMA will be tested as the second soft and elastic material. The com-
bination of GG-MA and the synthetic polymer PEG-DMA enables the
formation of a highly asymmetric structure, which is typically found in
DN network hydrogels. Overall the findings gathered from this work
will serve to verify whether the inclusion of Laponite can represent a
useful strategy to design the next generation of nDN hydrogels for the
sustained release of drugs.

2. Materials and methods
2.1. Materials

Low acetyl gellan gum (GG) Mn 1 X 10° Da, diethyl ether, anhy-
drous dimethyl sulfoxide (DMSO), chloroform (CHCl3), triethylamine
(TEA), methacrylic anhydride (MA), 4-dimethylamino pyridine (4-
DMAP), Irgacure 2959 (2-hydroxy-4-(2-hydroxy-ethoxy)-2-methyl
propiophenone), ofloxacin, citric acid, methanol, acetonitrile, N-me-
thyl-pyrrolidone, potassium bromide (KBr), and deuterium oxide (D,0)
were purchased from Sigma Aldrich. Polyethylene glycol (PEG) Mn
4000 Da was obtained from Farmalabor. Aluminum oxide was pur-
chased from Merck. Potassium dihydrogen phosphate (KH,PO,4) and
sodium phosphate dibasic (Na,HPO,) were obtained from Carlo Erba
Reagents.

Laponite® XLG (low heavy metal and microbiological content) was a
gift from Rockwood. Dialysis tubes (cut off 12-14 kDa) were purchased
from Medicell international.

2.2. Synthesis and characterization of gellan gum methacrylate (GG-MA)

GG was functionalized with methacrylic groups following an es-
tablished protocol [29]. Briefly, GG (1.0g) was solubilized in
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anhydrous DMSO (65 mL) for 5h at 60.0 + 0.1 °C. Then, MA (0.5 mL),
4-DMAP (40 mg), and TEA (0.5 mL) were added to the polymeric so-
lution, and the mixture was allowed to react under magnetic stirring for
24 h at room temperature. Extensive dialysis against deionized water
was used to purify the methacrylic derivate GG-MA. Once purified, the
polymer was freeze-dried and stored in a desiccator for further char-
acterization. Fourier-transform infrared (FT-IR) spectroscopy and
proton nuclear magnetic resonance (*H NMR) in D,0O were used to
evaluate and quantify the presence of methacrylic functional groups.
FT-IR spectra were recorded with a Perkin Elmer Paragon 1000 in the
interval 4000-400 cm ™! using KBr pellets (resolution of 1cm™!). A
Bruker AC-400 was used to record 'H NMR spectra of GG-MA. The
following Eq. (1) was applied to quantify the degree of derivatization
(DD), which defines the percentage of modified hydroxyl groups per
repeating unit of gellan gum [30]:

I CH3 (methacryate) / 3
1 CH3 (rh se) / 3
3 (rhamnose) %100

D derivatization (DD) =
egree of derivatization (DD) W O @

Specifically, n OH represents the number of hydroxyl groups in each
repetitive unit of gellan gum. ICH; (methacrylate) indicates the integral
of the methyl peak at 1.98 ppm, and I CH3; (rhamnose) represents the
integral of the methyl peak at 1.32 ppm.

2.3. Synthesis and characterization of polyethylene glycol dimethacrylate
(PEG-DMA)

PEG 4 kDa was modified with methacrylic groups following an es-
tablished protocol [29]. Briefly, a large excess of methacrylic anhydride
(4 mL) and PEG (10g) were mixed in a capped scintillation vial
(80 mL). A CEM discover (Milan, Italy) microwave reactor was used to
carry out the reaction. The functionalization was obtained setting the
temperature at 100 °C and using a microwave power of 100 W for
10 min. The polymeric solution was cooled down after the reaction,
followed by the precipitation of the polymer using diethyl ether
(10 mL). Finally, to remove the excess of methacrylic acid, the polymer
was solubilized in CHCl; and filtrated over alumina. The organic sol-
vent was removed under reduced pressure, and the dried polymer was
solubilized in water. Finally, PEG-DMA was frozen and freeze-dried. FT-
IR and *H NMR spectroscopy were used to characterize the polymer
functionalization with methacrylic groups.

2.4. Single network hydrogels formation

SN hydrogels consisting of GG-MA or GG-MA in combination with
Laponite were obtained following the following procedure. As the first
step, a stock solution of GG-MA (5% w/v) was prepared in deionized
water and stored in the dark prior to the gel formation. Similarly,
Laponite suspensions (1, 2 and 3% w/v) were obtained by dispersing
the clay in deionized water before being included in the polymer so-
lution of GG-MA.

Nanocomposite SN hydrogels (nSN) made of GG-MA and Laponite
were fabricated by mixing an equal volume of the GG-MA stock solution
and different Laponite suspensions to obtain SN hydrogels with a
variable content of clay ranging from 0.5 up to 1.5% w/v. SN systems
without Laponite were prepared by replacing the nanosilicate with an
equal volume of deionized water. The final concentration of GG-MA
(2.5% w/v) was kept constant in all of the systems prepared.

The photoinitiator Irgacure 2959 (0.15% w/v) was added to all of
the polymeric mixtures before the UV irradiation (G.R.E. 125 W Helios
Italquartz). The hydrogels were obtained by irradiating the polymeric
mixtures for 10 min. Once formed, the photochemical hydrogels were
stored at 4 °C for 24 h to ensure the complete crosslinking of the me-
thacrylic groups of GG-MA.
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2.5. Nanocomposite double network (nDN) hydrogel synthesis

DN and nDN hydrogels were synthesized following an established
protocol [31]. The SN and nSN systems were fabricated as described in
Section 2.3 with a cylindrical geometry (1.4 mm X 0.5 mm). Samples
were soaked in aqueous solutions (20 mL) containing PEG-DMA (10 and
20% w/v) and the photoinitiator Irgacure 2959 (0.15% w/v). PEG-DMA
was allowed to diffuse in the SN hydrogels for different times (24, 48
and 72h) at room temperature. The samples were kept in the dark to
avoid the photopolymerization of PEG-DMA. Then, the samples were
removed from the PEG-DMA solutions, thoroughly washed with deio-
nized water, and UV irradiated for 10 and 30 min to obtain the corre-
sponding DN and nDN systems.

2.6. Determination of the content of PEG-DMA diffused within the SN
hydrogels

The content of PEG-DMA diffused within the SN and nSN hydrogels
was determined by weighing the residual amount of PEG-DMA after the
step of diffusion. To this end, the diffusion process was stopped at
specific time intervals (1, 3, 5, 8 24, 48 and 72h) and three different
samples for each time point were collected, frozen and freeze-dried to
determine the weight of polymer still present in the bulk. The difference
between the initial amount of PEG-DMA and that recovered in the bulk
corresponds to the content of PEG-DMA diffused within the SN and nSN
hydrogels.

2.7. Rheological studies

Rheological studies were conducted with a rotational rheometer
(Haake Rheo Stress 300, Germany), which was equipped with a Haake
DC10 thermostat. All the SN, nSN, DN and nDN hydrogels were in-
vestigated through oscillatory analyses using a serrated plate-plate
geometry with a diameter of 35 mm. Frequency sweeps were recorded
in the linear viscoelastic region using a range of frequencies varying
from 0.01 to 10 Hz. All of the samples were analyzed at 1% of strain,
which was chosen based on preliminary stress-sweep studies carried out
in the range of 0.01-100% of strain. Oscillatory stress-sweep were also
performed in the range of stress ranging from 10 Pa to 1000 Pa to de-
termine the maximum values of yield stress and yield strain of the
different systems. All the experiments were conducted at least in tri-
plicate at the temperature of 25.0 = 0.1 °C.

2.8. Compression and elongation studies

The compressive modulus of SN, nSN, DN, and nDN hydrogels was
determined using a ZWICK-ROELL-Z010 compressing-traction machine,
and tested under unconfined uniaxial compression with a 1 kN load cell.
Both SN and DN hydrogels with and without Laponite were fabricated
with a cubic geometry having a length of 1 cm. The samples have been
compressed at the rate of 20 mm/min up to the point of breakage. The
compressive modulus has been calculated considering the slope of the
stress-strain curve in the range of 5-15% of strain. In addition, elon-
gation studies were performed only on DN and nDN samples. The hy-
drogels having a rectangular shape (0.7 mm of thickness) have been
fixed at the extremities to the same machine used for the compression
studies. The samples have been elongated at the rate of 5mm/min till
the point of breakage. This test was necessary to determine the max-
imum percentage of elongation ¢, the maximum yield stress o, and the
elastic modulus E, which was derived from the stress-strain curve as
explained above. All the experiments were conducted in triplicate at
room temperature.

2.9. Physical characterization of the nSN and nDN hydrogels

Freeze-dried SN and DN hydrogels were weighed and soaked in
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deionized water at 37.0 = 0.1 °C. The equilibrium of swelling was
evaluated by weighing the swollen hydrogel at different time points,
and the swelling ratio (%) was calculated using the following Eq. (2):

Swelling ratio = Ws/Wd (2)

where W; and W; the weights of the swollen and the freeze-dried hy-
drogels, respectively.

In addition, the porosity of SN, nSN, DN and nDN hydrogels was
evaluated by scanning electron microscopy (SEM, FEI Versa 3D Dual
Beam). Hydrogel were frozen at —60 °C and immediately freeze-dried
for 2 days. The freeze-dried samples were cross-sectioned to visualize
the internal structure. Samples were mounted on a holder with double-
sided conductive carbon tape and sputter-coated with gold for 10 min
(35 nm thickness). SEM images were obtained at an acceleration vol-
tage ranging from 1 to 10 kV with an in-lens detector.

2.10. Release model of ofloxacin from double network (DN)

Cylindrical DN and nDN hydrogels were soaked for 24 h in a solu-
tion of ofloxacin (0.15 mg/mL) in phosphate buffered solution (PBS, pH
7.4) at room temperature. Then, the samples were washed to remove
the excess of drug adsorbed on the surface of the gels and freeze-dried.
The freeze-dried samples were immersed in 10 mL PBS (pH 7.4) at
37.0 £ 0.1 °C and kept under magnetic stirring. Volumes of 1 mL of PBS
were withdrawn at specified time intervals and replaced with fresh
buffer to maintain the volume constant. The concentration of drug was
determined using a Perkin Elmer HPLC equipped with a C-18
LiChroCART® 250-4 LiChrospher® 60 RP-select B (5 um) column and a
235 diod-array detector. The mobile phase was composed of citric acid
0.4 M, acetonitrile, and methanol (2:1:1, v:v:v) [33]. The analysis was
carried out with a flow rate of 0.5 mL/min. Ofloxacin was detected at a
wavelength of 280 and quantified using a calibration plot in PBS (pH
7.4) in the range of 1.5-15 ug/mlL.

In modeling the release process of ofloxacin, we have to take into
account that the freeze-dried cylindrical hydrogel (initial dimensions
Ry = 0.5cm and H, = 0.7 cm) when immersed in PBS solution, rapidly
swells. The swelling process is virtually instantaneous or, in any case,
significantly faster than the release time scale. This affects (increases)
the actual dimensions of the DN cylinder (sample) releasing ofloxacin.

Let Ry and H; be the radius and the height of the swollen cylinder.
By assuming a homogeneous swelling, i.e., a constant aspect ratio pre-
and after- swelling, and that the volume increment is due only to the
adsorbed water, the volume balance reads as Eq. (3)

H WE—-W,
Volume py,open = TREHy = 7R3 =2 = 7RZH, + M
Ro PH20
= Volumenpyy,, + Volumegpsorbedszo 3)

where W° andW, are the fully swollen and dry weights of the DN cy-
linder and p,,, is the water density at 37.0 + 0.1 °C. Eq. (3) allows us
to calculate the swollen dimensions R, and H of the swollen DN.

The release of ofloxacin can be described by a drug-matrix inter-
action model. The drug in the fully swollen DN cylinder is initially
partitioned into two phases: one linked to the polymer and one free to
diffuse in the swollen hydrogel. Let C, and C, be the concentrations in
the free (gel-solvent) and bounded phases, respectively. By assuming a
reversible adsorption/desorption process and a linear transfer rate from
the bounded to the free phase —r,_,; = ky; C, as well as a linear transfer
rate from the free to the bounded phase , the dynamic equations and
boundary conditions describing the release process are reported in the
Eq. (4)

aC, 14 ( oC 8¢, G\ ac C
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or ®

where D§ is the diffusivity of ofloxacin in the DN swollen hydrogel,
Ko = :ﬁ is the equilibrium constant and C,(t) is the drug concentra-
tion in the acceptor reservoir. By assuming a perfectly mixed acceptor
compartment (volume V,; = 10mL) and negligible mass transfer re-
sistance at the hydrogel/solvent interface, the (uniform) drug con-
centration in the reservoir C.(t) can be evaluated at each time instant
from the global mass balance taking into account the withdrawals at

time instants ¢;, j =1, ..,N Eq. (6)

Nt
ViesCrs (1) = Vo Co [ Cy(r, 2, DAV = [ Gy(r, 2, DAV= Y] V,CF (1)
j=1

(6)

where V; represents the volume of the swollen DN, V, = ImL the
volume of the withdrawal, C/ the concentration of the j, withdrawal
and N, is the number of withdrawals occurred up to time t. Cy is the
initial drug concentration, distributed between the bounded and free
phases as follows C; (0) = (1-€)Cy, C,(0) = €Cy, and the initial parti-
tioning coefficient ¢ is related to the equilibrium constant
£ = 1/(1 + K,y) if we assume that, as soon as the cylinder sample is fully
swollen, the drug is distributed between the two phases according to
the equilibrium concentrations C, = Cy/Kq.

The value of the equilibrium constant K., can be estimated from
experimental data CJP (t),j=1,.,N by considering that, after suffi-
ciently long time, when the release curve
M, = Vi Cros (1) + Zﬁl V,CP(t)) (representing the amount of drug re-
leased up to time t) saturates towards an asymptotic value
My, = Vs Cin (8) + Zjv:l V,CF (t;), the concentration in the donor com-
partment Cy; equals the concentration in the free phase Cg° in equili-
brium with the concentration in the bounded phase Cy° = Cg°/K,q,
therefore obtaining from Eq. (6) the following expression for Cyy; and
M, Eq. (7):

V,Co=V, XN P ce
AT Sy Me ) Gy KD, Mo = VG
Vies + Ve(1 + Ky ) Mo Co

Com =
@)

From the experimental point of view the value of CS is the con-
centration of the last withdrawal (for sufficiently long experiments)
C» = Cf;, the asymptotic value of the release curve Cgy is simply
evaluated as My, = V;sCH + Zf\:ll V,CP and therefore the value of the
equilibrium constant K, can be evaluated from Eq. (7).

The smaller is the equilibrium constant, the larger is the amount of
drug  asymptotically  trapped in the bounded phase
Mirapped = Vo Cp® = Vo C’/Keq = VgCrei/Key, the smaller the asymptotic
value M.

It is extremely important in modeling the release process to take
into account the withdrawals, especially when the sample volume V}, is
above 5% of the reservoir volume V,,,. Each withdrawal subtracts a non-
negligible amount of drug in the acceptor compartment, lowering the
concentration C,;, thus allowing further drug release from the hy-
drogel. While the equilibrium constant K., is directly evaluated from
experimental data, the two other parameters ky, and Df must be com-
puted by a best fit of release curve.

2.11. Cell culture

Human umbilical vein endothelial cells (HUVECs) were purchased
from Lonza, and cultured in endothelial basal medium (EGM-2
BulletKit, Lonza) supplemented with vascular endothelial growth factor
(VEGF) and basal fibroblast growth factor (bFGF). HUVECs P3-P6 were
cultured at 5% of CO, at 37 °C. HUVECs were seeded in a 48-well plate
at the cell density of 20,000 cells/well and allowed to reach confluency
in 24 h. The volume of media used in each well was 0.2mL. Then,
freeze-dried DN and nDN hydrogels, (2 pieces/well), previously
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punched in cylindrical shapes (2.5 x 4.0mm) and steam sterilized,
were placed in the wells and left floating in the media for 48 h. As a
positive control group, cells were left untreated.

An MTS assay (Promega) was carried out according to the manu-
facturer’s protocol. Briefly, 20 uL of reagent was added to each well and
allowed to incubate for 3 h at 37 °C. Absorbance values were measured
at 490nm and normalized based on the values obtained from the
control group. Five different samples for each group were tested, and
the results were reported as a mean * standard deviation. Additionally,
cells were treated with calcein and ethidium bromide to stain alive and
dead cells, respectively. The process of staining was based on previously
established protocol [32].

2.12. Statistical analysis

Statistical analysis of mechanical testing, cell viability, and swelling
data was carried out using one-way analysis of variance (ANOVA) to
determine the significant difference existing among the different
groups. All statistical analyses were carried out with GraphPad Prism
Software 6. A p-value <0.05 indicates statistical significance, which
was displayed as * = p < 0.05, " = p < 0.01, " = p < 0.001.

3. Results and discussion
3.1. Synthesis and characterization of SN hydrogels

The first part of the work was focused on the design of SN hydrogels
of GG-MA with tunable physical and mechanical properties as a pre-
liminary step for the fabrication of a novel nDN system for drug de-
livery applications. To achieve this goal, Laponite was selected as na-
nomaterial to modulate the mechanical stiffness and swelling degree of
the SN hydrogels. Both factors can influence the extent of diffusion of a
second polymer within the first network, which is necessary to create a
DN structure with tunable swelling, porosity, and elasticity. Controlling
these properties can be beneficial to synthesize a drug delivery platform
that possesses both excellent mechanical properties and ability to
control the loading and release kinetic of therapeutic drugs.

Gellan gum was functionalized with methacrylic groups as reported
in our previous study using an established protocol [29]. This naturally
derived polysaccharide possesses hydroxyl groups in its repetitive unit
that can be easily modified with methacrylic groups to create photo-
crosslinkable hydrogels of GG-MA. These hydrogels were selected as the
first brittle network, which possesses a tightly interconnected structure
and can swell when in contact with a buffered aqueous solution due to
the polyelectrolyte nature of gellan gum. Successful methacrylation was
verified by FT-IR and 'H NMR spectroscopy (Fig. S1A and B). The de-
gree of methacrylation of GG-MA (4 * 1%), time of irradiation (30 min)
and the polymer concentration (2.5% w/v) were kept constant for the
preparation of the SN hydrogels as established in our previous work
[29]. On the contrary, the concentration of Laponite was varied from
0.5% w/v to 1.5% w/v to evaluate the influence of the synthetic clay on
the SN hydrogel properties (Fig. 1A). Higher concentrations of Laponite
(2.0 and 2.5% w/v) were tested, but the viscosity of the mixture was too
high to ensure a homogeneous distribution of the clay and the forma-
tion of a reproducible SN hydrogel after UV photocrosslinking. As ex-
pected, the storage modulus G’, which is indicative of the degree of
crosslinking within the network, was lower in the SN systems without
any Laponite [33]. The inclusion of the clay positively affected the
mechanical stability of the GG-MA network determining an increase in
the G’ values measured at 1 Hz from 1402 = 293 Pa to 2959 + 569 Pa
as observed in the system containing Lap 1.5% w/v (Fig. 1B). This effect
can be explained by the possible electrostatic interactions between the
clay and the polymeric chains as reported in other similar studies using
both natural and synthetic polymers [32,34,35]. The presence of these
interactions is responsible for the reinforcement observed in the SN
network of GG-MA as suggested by the decrease in the values of tan 8
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Fig. 1. Effect of Laponite on the physical
and mechanical properties of gellan-gum
methacrylate (GG-MA) single network (SN)
hydrogels. (A) Schematic is representing the
main components of the SN nanocomposite
hydrogels. GG-MA is mixed with a suspen-
sion of Laponite before UV irradiation.
Below the corresponding image of the SN
nanocomposite hydrogel and SEM image
displaying the internal porosity. Scale bar
represents 100 um. (B) Storage modulus (G’)
values at 1 Hz for the different nanocompo-
site hydrogels. No significant increase in the
G’ values was observed for the concentration
of Laponite higher than 0.5% w/v. All the
samples studied contain the same con-
centration of GG-MA (2.5% w/v)
("=p <0.05). (C) Tan § profiles in the
range of frequencies from 0.01 to 10Hz
showing a decrease for the system con-
taining Lap 0.5% w/v (nSN), which is in-
dicative of a higher crosslinked network. (D)
Representative stress-strain curves obtained
by uniaxial compression for the SN and the
nSN systems. (E) Swelling equilibrium pro-
files carried out in deionized water at 37 °C
indicating a lower degree of swelling in the
sample containing Laponite at 0.5% w/v
(nSN). Results are reported as the
mean * standard deviation (n = 3).
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(G”/@’) in the group containing 0.5% w/v of clay (Fig. 1C). A decrease
of this value is indicative of a highly crosslinked network which can
also sustain higher stress values prior to breakage with an increase of
the yield stress from 543.6 + 3.0Pa to 717.1 = 1.0Pa (Fig. S2A).
However, higher concentrations of Laponite did not further decrease
the tan & values detected in the range of frequencies from 0.01 to 10 Hz
(Fig. S2B). For this reason, 0.5% w/v was selected as the optimal
amount of clay necessary to formulate the nanocomposite single net-
work hydrogel (nSN). A similar increment in the stiffness was observed
in the compression studies, although both SN and nSN systems showed
the typical behavior of brittle networks displaying failure at low values

3 4
Time (hours)

of strain (20-30% of strain) (Fig. 1D).

Aside from the effect on the mechanical properties, it was critical to
evaluate whether the inclusion of this concentration of clay was able to
alter the swelling degree of the GG-MA SN hydrogels. The equilibrium
of swelling was reached in both systems with and without Laponite
after 2h of soaking the freeze-dried hydrogels in deionized water.
However, the inclusion of Laponite at 0.5% w/v reduced the swelling
ratio of the network in deionized water after 7h from 35.4 = 2.9 to
28.7 * 0.2, likely due to physical interactions between the polymeric
chains and Laponite (Fig. 1E). No change in the swelling ratio was
observed for both systems with and without Laponite at 0.5% w/v after
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Fig. 2. Optimization of the parameters for the fabrication of the DN hydrogels. (A) Schematic is representing the main steps necessary to prepare the DN hydrogels.
The photochemical SN hydrogels with or without Laponite were soaked in a solution of PEG-DMA (Mw 4000 Da) for 72 h followed by irradiation with UV to form DN
hydrogels and the DN nanocomposite system. (B) Profile of diffusion of PEG-DMA into SN hydrogel overtime. (C) Effect of the PEG-DMA concentration on the G’
values at 1 Hz of the corresponding DN hydrogels. An increase in the stiffness was observed as the concentration of PEG-DMA was increased.

24 and 48h (Fig. S2C). Moreover, the Laponite did not cause any sig-
nificant change in the internal porosity of the SN hydrogel (Fig. S2D),
which was mainly influenced by the GG-MA properties such as the
polymer concentration and the degree of methacrylation.

Overall, these results confirmed the successful design of two distinct
SN hydrogels that possess tunable mechanical and physical properties,
and we further investigated how these changes induced by the synthetic
clay impacted the properties of the corresponding DN hydrogels.

3.2. Optimization of the parameters necessary to fabricate the DN hydrogels

DN hydrogels were synthesized using PEG-DMA as the second
polymer following the procedure described in the schematic reported in
Fig. 2A. PEG-DMA Mw 4 kDa was selected based on a previous study
where we investigated the effect of the molecular weight of PEG-DMA
on the mechanical properties of DN hydrogels using gellan gum hy-
drogels crosslinked with calcium ions as the first network [31]. PEG-
DMA concentration was optimized to evaluate its influence on the DN
hydrogel properties considering that the concentration of the second
polymer should be 10 or 20 times higher than the amount of polymer
used to fabricate the SN hydrogel [15]. The optimization was carried
out by testing different concentrations of PEG-DMA. The polymer was
allowed to diffuse within the SN of GG-MA monitoring the diffusion
process up to 72 h. The equilibrium of diffusion was reached after 48 h
(Fig. 2B). The increase in the concentration of PEG-DMA resulted in the
formation of DN hydrogels with higher values of storage modulus G’ at
1 Hz (Fig. 2C). Precisely, doubling the concentration of PEG-DMA from
10 to 20% w/v increased the values of G’ from 5878 + 1056 Pa to
27165 = 205 Pa. Higher concentration than 20% w/v were not tested
as the polymer started polymerizing forming a gel before its diffusion
within the SN of GG-MA. For these reasons, a concentration of 20% w/v
of PEG-DMA 4kDa was used to prepare both DN hydrogels without
Laponite and with the clay (nDN system). The time of irradiation of the
second network was set at 10 min as no change in the mechanical
properties was observed for longer time of irradiation (data not shown).

As next step of our investigation, it was important to verify whether
the different content of PEG-DMA and the presence of Laponite em-
bedded in the first network affected the mechanical and physical
properties of the DN hydrogels. Moreover, we evaluated how these

modifications contributed to modulate the release capabilities of the
nDN system compared to the DN network without the synthetic clay.

3.3. Effect of Laponite on the mechanical properties of the nDN system

The design of a drug delivery system requires the fabrication of a
carrier, which should possess enough mechanical stability to sustain
large deformation without breaking. SN hydrogels do not possess this
requirement, as they are generally too brittle due to their in-
homogeneous interconnected structure. To overcome this issue, the DN
strategy enables the fabrication of hydrogels with high toughness as
reported in many other studies. Specifically, a DN hydrogel presents a
first brittle network that can break into small clusters to efficiently
disperse the energy around the damaged area, while the soft and elastic
second network can extend to sustain large deformation [36].

Both types of DN hydrogels investigated in this work showed a
significant increase in the maximum yield strain and yield stress when
compared to the brittle and fragile SN hydrogels as discussed previously
(Fig. 3A). Specifically, the DN hydrogel without Laponite (DN) showed
the highest value of maximum stress corresponding to
0.62 = 0.09 MPa, failure at 49.15 + 1.48% of strain and a compressive
Young’s Modulus (E) of 0.19 + 0.09 MPa. The nDN system displayed
similar behavior under compression, although both the maximum stress
(0.49 = 0.07 MPa) and E values (0.12 = 0.04 MPa) were lower with
respect to the DN system without Laponite suggesting the presence of a
more elastic matrix in the case of the nDN hydrogel. A similar trend was
observed when comparing the stress-strain curves obtained from the
elongation tests (Fig. 3B). The DN system displayed higher E values
(0.395 * 0.035MPa) and larger elongation ¢ (70.5 *+ 0.9%) (Fig. 3C
and D). Similarly, the maximum stress in elongation o varied from
0.35 + 0.01 MPa for the DN hydrogel to 0.11 + 0.05 MPa for the nDN,
respectively (Fig. 3E).

Overall, these findings can be explained by the different content of
PEG-DMA present in the two DN systems. A lower amount of PEG-DMA
was retained after diffusion in the nDN hydrogel (Fig. 3F). The differ-
ence could be attributed to the reduced ability of the nSN hydrogels to
swell when in contact with water as discussed above. The same de-
crease in the swelling ratio has been reported for other nanocomposite
systems containing Laponite in poly (N-isopropyl acrylamide)
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Fig. 3. Influence of Laponite on the mechanical properties of the DN hydrogels. (A) Representative stress-strain curves obtained by uniaxial compression. (B) Stress-
strain profiles obtained by elongation of the DN systems up to the point of breakage. The nDN system containing Laponite (0.5% w/v) presents a lower elongation and
maximum strain. (C) Young’s Modulus E calculated from the extensions curves in the interval from 0 to 20% of strain. (D) Percentage of elongation (¢) calculated
from the extensions curves for the DN and nDN systems. (E) Maximum strain values (o) at the point of breakage for the two DN samples. The DN nanocomposite
hydrogel possesses lower E, e and o values compared to the DN sample without Laponite. (F) Amount of PEG-DMA diffused within the SN with and without Laponite
overtime. A higher quantity of PEG-DMA was present in the nDN system in all three times point investigated (n = 3). Results are reported as mean * standard

deviation (n = 3) (" = p < 0.05).

PNIPAAm hydrogels [37].

The decreased ability of the nSN matrix to swell and uptake PEG-
DMA is the main factor contributing to the lower mechanical properties
of the nDN system. Thus, the higher concentration of PEG-DMA within
the first network of GG-MA without Laponite is the reason why a larger
stiffness (higher Young’s Modulus) was observed for the DN system
when compared to the nDN hydrogel. On the contrary, the Laponite did
not seem to directly influence the DN hydrogel’s mechanical properties,
which were unaffected by the presence of the clay. A possible ex-
planation is that Laponite remained confined within the cluster of the
first network after the preparation of the SN.

3.4. Physical characterization of the nDN hydrogels and release studies

Besides the analysis of the mechanical properties, we further in-
vestigated the differences between the DN and the nDN system in terms
of physical properties. Both systems were freeze-dried, designed as
cylinders with dimensions Ry, = 0.5cm and Hj, = 0.7cm and soaked in
deionized water to test whether the different content in PEG-DMA was
able to affect the chain flexibility and the equilibrium of swelling. The
presence of the second network reduced the swelling degree compared
to the SN hydrogels, and this trend was similar to our previous findings
using gellan gum physical hydrogels as a first network [31]. Both the
DN and nDN hydrogels were able to reach the equilibrium of swelling
after 1 h. A larger swelling ratio was detected for the nDN system with
an increase from 7.33 = 1.06 for DN to 10.47 + 0.23 for nDN after 7 h
(Fig. 4A). Same results were observed by studying the swelling after 24
and 48h in deionized water (Fig. S3A). However, a reduction in the
swelling values was observed for the nDN system in PBS when com-
pared to deionized water. This behavior can be explained by the dif-
ferent ionic strength in the two media. Specifically, the higher con-
centration of Na™ counterions of the phosphate buffer can shield both
negative charges of Laponite as well as the carboxylate groups of GG-
MA. This effect can lead to an aggregation of the Laponite nanoplatelets

and a lower swelling degree of the matrix (Fig. S3A-B).

The difference in swelling is consistent with the results discussed in
Section 3.3. The nDN system is more elastic and less rigid due to the
lower content of PEG-DMA, which enabled a larger flexibility of the GG-
MA polymeric chains within the DN system. This hypothesis was con-
firmed by SEM analysis of the two DN hydrogels. The DN sample dis-
played a more packed structure probably due to the higher content of
PEG-DMA, (Fig. 4B). Moreover, the higher swelling in the nDN hy-
drogel is probably due to the inclusion of Laponite as reported for other
nanocomposite system using the synthetic DN network made of PNI-
PAAm and polyacrylic acid [40].

By evaluating, from swelling experiment, the amount of absorbed
water, we observed that both DN and nDN hydrogels absorbed almost
the same amount of water after 1h, about
Wobsorbed water = W (1h)—W? = 340mg + 2mg. This is consistent with the
swelling ratio shown in Fig. 4A because the initial dimensions (before
swelling) of the cylindrical DN and nDN hydrogels are the same, but the
initial weight of nDN hydrogels W,y = 38mg is significantly smaller
than that of DN hydrogels W)y = 62mg. The amount of absorbed water
led us to estimate the hydrogel dimensions after almost complete
swelling and this is an important information for a correct modeling of
release experiments. For both systems, the swollen hydrogel dimen-
sions, estimated from Eq. (1), are Ry = 0.57cm and H; = 0.8cm (Fig. 4C).

For release experiments, both systems were preliminary loaded with
the model drug ofloxacin, which was allowed to diffuse within the
matrices after the DN fabrication to avoid the exposure of the drug to
the UV light. The nDN system showed a higher loading efficiency when
compared to the DN hydrogel. Specifically, the content of drug per-
meated was 0.423 + 0.002mg for the DN system and
0.491 *+ 0.028 mg in the nDN hydrogel, respectively. This difference
can be attributed to the inclusion of Laponite which can establish ion-
dipole interactions with the polar drug ofloxacin as reported in our
previous work [33].

DN and nDN hydrogels, once loaded with the model drug, were
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Fig. 4. Influence of Laponite on the physical and release properties of the DN and nDN systems (A) Swelling equilibrium profiles carried out in deionized water at
37 °Cindicating a higher degree of swelling in the DN nanocomposite hydrogels (Laponite 0.5% w/v). Results are reported as the mean + standard deviation (n = 3).
(B) Cross-sections SEM images showing a different porosity between the two types of DN hydrogels. A higher porosity can be observed in the nDN system. Scale
bar = 100 and 300 um for the DN and nDN system, respectively. (C) The schematic is representing the DN geometry model used to calculate the diffusivity, the
constant of equilibrium, and the kinetic constant of ofloxacin. (D) Release profiles of ofloxacin obtained in PBS (pH 7.4) at 37 °C. The experimental data were fitted

against the profiles obtained from the mathematical model.

washed, freeze-dried and then immersed in the buffer solution kept
under magnetic stirring. Release data are shown in Fig. 4D as M;/M, vs
t. By preliminary focusing on the asymptotic (long scale) behavior, we
observed that both systems retained the majority of the drug within the
hydrogel matrix after 48 h suggesting a strong interaction between the
drug and the polymeric matrix. The nDN system displayed the lower
value of M,,/M, probably due to an additional retention effect induced
by presence of the synthetic clay.

We adopted the two phases drug/matrix interaction model de-
scribed in Section 2.10 for interpreting release data for both systems
and estimate the drug diffusion coefficientD.

We preliminary estimated the equilibrium constantK,,, thus ob-
taining (from Eq. (7) K., = 0.0176 for DN and K,, = 0.00905 for nDN
hydrogel. As discussed in Section 2.10, the smaller the equilibrium
constant, the larger the amount of drug asymptotically trapped in the
bounded phase, the smaller the asymptotic value M,,. The other two
model parameters D§ and kp, for both systems were estimated from a
best fit of the experimental release curve and reported in Table 1. The
excellent agreement between experimental release data and model
predictions is shown for both DN and nDN systems (Fig. 4D).

Best fit values for Dfin nDN hydrogels highlighted that the release
of ofloxacin in the presence of laponite is characterized by a higher

Table 1
Values of physical parameters from the best fitting of experimental data.
DN nDN
Dg(mi) 4.107° 91070
d N
Keq 0.0176 0.00905
Jepg (s71) 10.1 12

diffusivity value (consistent with the larger porosity of the nDN hy-
drogel) and a lower value of kj,. Therefore, the drug is more closely
bounded to the polymer matrix in the nDN. For both systems, the best
fit values of D§ and ky, imply that the characteristic time for matrix-to-
gel transfer 1/ky, is extremely smaller than the characteristic time for
drug diffusion H?/D§ in the gel/solvent phase. Therefore, the polymeric
matrix plays the role of a drug reservoir, thus releasing the drug from
the bounded to the gel phase as soon as the drug diffuses out from the
hydrogel.

Overall, these data suggest that the inclusion of Laponite within a
DN network can be an appealing strategy to decrease the release rate
and control the amount of drug released over time. The designed nDN
platform plays the role of a drug reservoir and can be used to achieve a
sustained release of a therapeutic molecule with better control than the
corresponding SN hydrogels of GG-MA as reported in our previous
studies [33].

3.5. Biocompatibility studies

Finally, we assessed the biocompatibility of the novel nDN carrier
by investigating the toxicity induced by the presence of Laponite.
HUVECs were chosen as the model cell line due to their tendency to
display oxidative stress in the presence of radical species [38]. A re-
duction in cell viability was detected in the nDN group with a decrease
from 100 * 2.6% to 81.4 + 2.9%. However, this change in cell viability
can be considered negligible according to the international guidelines
on biological evaluation of cytotoxicity (ISO 10993-5), which defines a
material cytotoxic for reduction higher than 30% (Fig. 5A) [39,40].
Moreover, all the systems investigated did not induce any visible
change in the morphology of the HUVECs when compared to the con-
trol group, which was left untreated (Fig. 5B).
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Fig. 5. Biocompatibility evaluation of DN and nDN hydrogels. (A) MTS assay results indicating the HUVECs viability after being exposed for 48 h to the DN hydrogels
with and without Laponite (n = 5). Results are normalized with the Ctrl (+) consisting of cells without any gel treatment (" = p < 0.05 and " = p < 0.01). (B)
Fluorescence images are indicating the presence of HUVECs stained with calcein (green) and ethidium bromide (red) after being exposed for 48h to the DN
hydrogels. The majority of the cells were alive and stained green with no change in morphology when compared to the Ctrl (+) group. Scale bars = 100 pm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Conclusions

A novel nDN has been successfully designed and characterized as a
carrier for the sustained release of therapeutic molecules. The swelling
and release properties of the nDN system have been modulated by in-
troducing Laponite as a nanofiller within the first network of GG-MA.
Specifically, Laponite was able to increase the stiffness, while reducing
the swelling ability of the SN hydrogel. This effect limited the diffusion
of PEG-DMA necessary to produce the second polymeric network. The
presence of Laponite did not directly influence the mechanical prop-
erties of the DN, which were mainly affected by the PEG-DMA content
within the first network. On the contrary, Laponite induced a higher
loading efficiency of the model drug ofloxacin and reduced its kinetic
constant of diffusion. Finally, the formulation is not cytotoxic as de-
monstrated by the promising results obtained from the MTS and live
and dead assays carried out on HUVECs.

Overall, these findings indicate the suitability of this novel nDN
system as a carrier of drugs to deliver small doses of therapeutic mo-
lecules over time. For instance, this type of polymeric carrier could find
application as a patch for the treatment of chronic infections where a
local and sustained release of an antibiotic is commonly required.
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Figure S1. A) Stress sweep carried out at 1 Hz, showing a higher yield strain for the SN hydrogel
containing Laponite at 0.5% w/v. B) Tan 0 profiles in the range of frequencies from 0.01 to 10 Hz,
showing a constant value of tan & for the formulations containing Laponite at the concentration
of 1% and 1.5 % values. C) Swelling values of GG-MA SN and nSN hydrogels in distilled water
at 24 and 48 h. D) SEM images displaying the porosity of GG-MA SN and nSN hydrogels. Scale
bars =100 pum.
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Figure S2. Swelling values of DN and nDN hydrogels at 24 and 48 hours obtained at 37.0
+0.1°Cin A) distilled water and B) phosphate buffer (PBS) pH=7.4. Results are reported
as the mean * standard deviation (n=3).
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ARTICLE INFO ABSTRACT

Keywords: In this work, deacylated gellan gum and the plasticizer glycerol were used as primary components for the
Thin films preparation of thin films intended for the oral delivery of therapeutic molecules. The samples were prepared by a
Gellan gum solvent casting method and characterized for their thickness, tensile properties, swelling ability, mucoadhesion
Glycerol capacity and uniform drug distribution. The amount of glycerol was varied from 20% to 75% w/w in order to
Eﬁfcf;adz‘jll:ery obtain films with tunable mechanical properties and high drug loading efficiency. The addition of glycerol was

able to positively influence the mechanical characteristics of gellan gum thin film overcoming the brittleness
caused by the rigid interconnection among the polymeric chains. Plasticized gellan gum films containing 50% w/
w of glycerol showed optimal mechanical resistance and mucoadhesion capacity, which were adversely affected
by the inclusion of higher concentrations of glycerol. On the contrary, only high amounts of the plasticizer
(>70% w/w) enabled a homogeneous distribution of the model drug fluconazole within the polymeric matrix.
Overall, these results indicate that gellan gum-based thin films can be potentially used for buccal drug delivery

upon precise selection of the appropriate concentration of glycerol used as a plasticizer.

1. Introduction

The design of efficient films as carriers for drug delivery requires a
proper selection of the polymer and excipients used for their fabrica-
tion. These essential components affect the ability of the films to swell,
degrade and modulate the release of the therapeutic molecule included
in the formulation (Borges et al., 2015; Karki et al., 2016). Similarly,
the type of polymer can influence the mechanical properties of the
produced film, which should be elastic and resistant enough to be
handled and applied at the target site without causing any discomfort.

A large variety of film-forming polymers have been investigated
over the last decade with particular attention towards natural polymers.
For instance, gellan gum (GG), an anionic and linear biopolymer pro-
duced by Pseudomonas elodea, presents a set of unique properties that
make this polysaccharide a valid option for the fabrication of films.
Specifically, gellan gum has attracted much attention in both academic
and industrial research because of its gelling, texturizing, thickening,
emulsifying, suspending, stabilizing and film-forming properties
(Prajapati et al., 2013; Osmalek et al., 2014). GG films have been tested

* Corresponding author.
E-mail address: patrizia.paolicelli@uniromal.it (P. Paolicelli).
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as protective coatings to preserve the integrity of food (Ledna and
Rojas, 2007; Yang and Paulson, 2000; Yang et al., 2010; Wei et al.,
2017), as well as biocompatible and biodegradable materials in wound
healing (Lee et al., 2010; Ismail et al., 2014) and bone regeneration
(Chang et al., 2010). The unique properties of GG films could also
justify their use as carriers for drug delivery, although only one study
has investigated so far their potential as therapeutic dosage forms
(Sanzgiri et al., 1993). The limited applicability of gellan gum in this
research field could be attributed to the technological challenges
commonly observed when designing polymeric thin films for drug de-
livery.

For example, both the reduced size and thickness as well as the large
number of excipients used in the film formulation can severely limit the
loading levels capacity of the dosage form (Perumal et al., 2008a). Si-
milarly, uncontrolled crystallization of drug upon fabrication or storage
is frequently evidenced in this type of delivery systems, especially when
a high dose of the active molecule is included. High concentration of a
drug can promote the formation of fractal-shaped aggregates randomly
distributed within the matrix. The presence of these aggregates,
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commonly observed with lipophilic molecules, can adversely affect the
uniformity of the resulting film (Perumal et al., 2008b; Qi et al., 2013;
Ng et al., 2013).

The process of fractal patterns formation is often related to diffu-
sion-controlled growth processes. Particularly, if an active pharma-
ceutical ingredient is not freely soluble in the polymer matrix and is
present at a supersaturated concentration, then it may phase-separate
from the polymer and subsequently crystallize. Such effects potentially
cause inhomogeneous drug distribution within drug-loaded films af-
fecting the uniformity of the system as well as drug release kinetics and
the physical stability during storage.

Casting, solidification processing, and drying conditions, as well as
the right drug-polymer-plasticizer combinations, can impact the
homogeneous distribution of the drug in the final dry product (Kestur
and Taylor, 2010). Therefore, from a pharmaceutical perspective, the
stability of the film and the investigation of strategies aimed to avoid
drug nucleation and crystal growth as well as the inhomogeneous dis-
tribution of the therapeutic molecule within the matrix deserve special
attention as these aspects are of critical importance for the development
of commercially viable formulations (Shamma and Elkasabgy, 2016;
Zhao et al., 2015; Gaisford et al., 2009).

To this end, process conditions and bulk materials characteristics,
such as the viscosity of the polymeric systems before drying as well as the
drying conditions, need to be carefully investigated as they can help
preventing the inhomogeneous drug distribution in the final dry product.

All these critical aspects have been considered and investigated in
this work. Film casting method was used as a preliminary screening
technique to determine the optimum ratio of drug, polymer, and plas-
ticizer required to overcome limited diffusion aggregation phenomena
during fabrication and storage. Fluconazole (F) and glycerol (Gly) were
used as BCS (Biopharmaceutics Classification System) I model drug and
plasticizer, respectively. The manufacturing process was optimized
considering several critical parameters such as the rheological proper-
ties of the starting polymeric solutions, the presence of air bubbles and
the residual water content. The physical appearance, thickness, me-
chanical and release properties of the resulting films were thoroughly
investigated.

2. Materials and Methods
2.1. Materials

Fluconazole, gellan gum (GG, Gelrite® Mn 1 x 10°Da), type II
mucin from porcine stomach and glycerol were purchased from Sigma-
Aldrich. Cellulose membrane (cut-off 12,000-14,000 Da) were obtained
from Medicell International. Methanol, glacial acetic acid, bidistilled
water, potassium dihydrogen phosphate, di-sodium hydrogen phos-
phate dehydrate, sodium chloride and hydrochloric acid were supplied
by Carlo Erba Reagents. Hydroxypropyl-p-cyclodextrins (HP-B3-CD) was
purchased from Roquette.

2.2. Preparation of polymeric films

Films were produced by casting polymeric solutions (6 mL) con-
taining a constant concentration of GG (2% w/v) and different amounts
of glycerol, ranging from 0.5% to 6% w/v. In specific, the following
GG:Gly weight ratios were investigated: 1:0; 1:0.25; 1:0.5; 1:1; 1:1.5;
1:2; 1:2.5 and 1:3 (w/w). The films were prepared by dissolving GG and
glycerol in double distilled water at 60 °C, for 5h under mild magnetic
stirring to avoid air bubble incorporation. Then, the polymeric mixtures
were poured onto leveled silicone plates (diameter 5.6 cm), and oven-
dried at the constant temperature of 40 = 2°C for 15h. The same
procedure was followed to prepare fluconazole-loaded thin films. In this
case, 6mL of a 9.25mM fluconazole solution in water was used to
dissolve the GG:Gly mixture, in the chosen ratio, before the drying
process.
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All the samples were labeled as OTFyx, where x indicates the amount
of Gly used for the film preparation respect to GG. Instead, the label
OTFxr was used to indicate films also containing fluconazole. Other
samples were prepared including HP-3-CD in the formulation and la-
beled as OTF¢p. In this case, the selected cyclodextrin (equimolar to
fluconazole) was included in the polymeric solution before casting.

2.3. Rheological studies

Rheological experiments were carried out with a Haake Rheo Stress
300 Rotational Rheometer equipped with a Haake DC10 thermostat.
Flow curves of all the polymeric solutions were obtained with a cone-
plate geometry in the range of 0.01-1000 Pa, working at 60.0 = 0.1 °C.
Temperature sweep analyses in the range of 60.0-30.0 °C were also
carried out to investigate the effect of temperature on the viscoelastic
properties of the polymer-plasticizer mixtures. All the experiments were
carried out at least in triplicate.

2.4. Thickness measurements

The thickness of the dry films was measured using a Mitutoyo
Digimatic Micrometer, characterized by an instrument error = 2 pm.
Measurements were taken at least in three different points of each film.

2.5. Thermogravimetric analysis

Thermogravimetric analyses (TGA) were carried out using a Q600
TGA (TA Instruments). Samples (30 mg) were put in open aluminum
pans and submitted to three heating/cooling cycles in the temperature
range from 25° to 120 °C under a nitrogen atmosphere (5mL/min).
Thermograms were recorded at the constant heating rate of 5 °C/min.

2.6. Differential scanning calorimetry

Calorimetric measurements were carried out using a DSC131
(Setaram) differential scanning calorimeter. Samples (5mg) of free
fluconazole and fluconazole-loaded OTF were weighed (~5mg) in
sealed aluminum pans and heated from 25° to 170 °C at the constant
heating rate of 5°C/min. Dry nitrogen with a flow rate of 20 mL/min
was purged through the cell during the measurements. An empty alu-
minum pan was used as a reference.

2.7. Tensile tests

Tensile tests were performed with a ZWICK-ROELL-Z010 mechan-
ical testing machine, using a normal load of 1kN and a strain rate of
1 mm/min. Ten samples of suitable dimensions were cut from each film,
mounted between the machine grips and tested to fracture. Samples
were obtained cutting films in three different directions (angle 0°, 45°,
90°) to verify the material isotropy. Stress-strain diagrams were re-
corded, and Young’s modulus, strain, and stress at break were acquired.
The analyses were repeated eight times and the results were reported as
mean values * standard deviation.

2.8. Swelling studies

Films were cut into square pieces (2 X 2cm), weighed and im-
mersed in simulated saliva (phosphate buffer, pH 6.7, containing NaCl)
at 37.0 = 0.1°C. At pre-established time points, wet films were
drained to remove excess water and weighed. The water-uptake capa-
city (Q) was expressed as:
0= Wsoy—Wo

Wo (€8]
where W) and W, are the weights of the swollen film at time t and the
dry film, respectively.
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Alternatively, the Q value was calculated according to the following
equation:

_ Wip—Wa
Wy ()]

where W, and Wy are respectively, the weight of the swollen film after
2h in simulated saliva and the weight of the sample recovered at the
end of the swelling study and dried to a constant value.

Finally, to quantify the amount of glycerol lost, portions of the in-
vestigated films were kept for 2 h in simulated saliva at 37.0 = 0.1 °C.
Then, they were removed from the medium and oven-dried at 70 °C to
constant weight, to calculate the amount of glycerol leached out of the
films.

Each test was repeated in triplicate and the results reported as mean
values * standard deviation.

2.9. Mucoadhesion tests

The mucoadhesive properties of GG:Gly films were evaluated in
vitro, measuring the force required for detaching the films from a mucin
tablet. The measurements were carried according to an already re-
ported method, based on an in-house pulley system apparatus (Gupta
et al., 1993). Briefly, a mucin tablet (diameter 12.5mm, thickness
1.34 mm) was stuck onto a holder connected to one arm of the pulley
system, whereas, round-shaped portions of the films (diameter
12.5mm) were firmly fixed at the base of the apparatus. Then, the
mucin tablets, previously wetted with simulated saliva (pH 6.7), were
put on top of the film samples and left in contact for 30s, before car-
rying out the test. The mucoadhesive property of the film was measured
by adding water to a container connected to the second arm of the
pulley system until the film was separated from the tablet. The weight
of water needed to separate the film from the mucin tablet was recorded
and introduced into the following equation to calculate the detachment
force.

N = Vpg 3

where V is the volume of added water, p is the density of water and g is
standard acceleration of gravity.

2.10. Drug content uniformity

The drug content uniformity within the films was assessed on
OTF, sr and OTF3r samples. Each fluconazole-loaded film was divided
into three parts. Each section of the film was weighed, and then it was
accurately extracted with distilled water for three times. The flucona-
zole concentration in the extraction solutions was evaluated by HPLC
analysis, carried out with a Perkin-Elmer system made of a Series 200
LC pump, a 235 Diode Array Detector, a Total-Chrom data processor
and equipped with an RP-18 (250-4.5um) Merck Hibar LiChrocart
column. The analyses were carried out under isocratic conditions, using
a mobile phase composed of methanol, bidistilled water and glacial
acetic acid mixture in a proportion of 50:48:2 (v:v:v). The flow rate of
the mobile phase was 0.8 mL/min, and the drug was monitored at
A = 260 nm. Under these conditions, the retention time of fluconazole
was about 6 min. All experiments were carried out in triplicate, and the
results were reported as mean values + standard deviation.

2.11. In vitro release studies

Dissolution tests were carried out in a conventional USP type II
paddle apparatus. Round-shaped samples of fluconazole-loaded OTF
(surface area 98.5 cm?) were placed in different parts of the vessel: a)
taped on the side wall; b) taped on the bottom; c¢) anchored to the
bottom with a wire mesh. All the release studies were carried out in
500 mL of simulated saliva (pH 6.7) at 37.0 = 0.1 °C with a rotation
rate of 50 rpm. Aliquots of the release medium (2 mL) were taken at
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defined time points from 1 to 30 min and immediately replenished with
the same volume of fresh simulated saliva. Fluconazole concentrations
were assessed by HPLC analysis as reported in the previous section.
Tests were repeated in triplicate, and the results were expressed as
mean values = standard deviation.

2.12. Statistical analysis

Quantitative variables are presented as the mean = standard de-
viation (SD), and statistics were performed using one-way analysis of
variance (ANOVA) by Tukey’s multiple comparison post hoc tests. All
statistical analyses were performed with Prism 6 (GraphPad Software).
*=p < 005 ™ =p < 0.01, ™ =p < 0.001.

3. Results and discussion
3.1. Preparation of GG:Gly thin films

Deacylated gellan gum can be used to form films with defined di-
mensions and shape by casting its aqueous solutions on round-shaped
silicon molds. The solvent casting technique involves the initial de-
position of a liquid polymeric film on the surface of a solid support
followed by the evaporation of the solvent with the conversion of the
viscous polymeric solution into a solid film. In this work, silicon sup-
ports were selected to promote film detachment at the end of the drying
process. The quality and characteristics of the final product are criti-
cally dependent on several physical properties of the initial polymeric
solution, as well as the manufacturing conditions, such as the rate of
solvent evaporation (Siemann, 2005; Huang et al., 2015; Krampe et al.,
2016). For this reason, the first part of the work was focused on the
characterization of the flow behavior and the temperature-induced
modifications of the starting gellan gum solutions during casting and
evaporation. These properties can influence the entrapment of air
bubbles and the uniform distribution of drugs within the medicated
films, which represents the most relevant and desired characteristic of a
single-dose formulation designed for a pharmaceutical application.

Fig. 1A shows the viscosity curves of gellan gum obtained at 60 °C
for three different polymer concentrations (2.0, 2.5, 3.0% w/v). As
expected, all the solutions tested displayed a shear thinning behavior
and can be considered as non-Newtonian fluids.

Based on the polymer concentration used, the viscosities of the in-
vestigated systems ranged from 1 to 100 Pa's at 60 °C and shear rate of
10725~ . Gellan gum solutions with a concentration of 2.5 and 3% w/v
were not suitable for the formation of thin films as they could not be
cast homogeneously on the silicon molds probably as a consequence of
their high viscosity. In fact, according to Guilbert et al. (1995), the
application of a spreader is usually needed to cast high viscous polymer
solutions. Therefore, to avoid casting defects within the dried products,
2% w/v gellan gum was selected as the optimal polymer concentration
for the film preparation, as it could be freely and homogeneously spread
and leveled in the silicon molds. However, after the drying process,
gellan gum solutions at 2% w/v formed very brittle films, which were
difficult to remove from the silicone molds used for the casting process.
Our findings are similar to other reports describing the fabrication of
gellan gum films for food application (Yang and Paulson, 2000). A
possible reason behind their poor mechanical properties is the forma-
tion of strong interactions among the polymeric chains after the step of
solvent evaporation, which determines a high level of structural ri-
gidity. For this reason, different amounts of glycerol ranging from 0.5%
to 6% w/v were added to 2% w/v gellan gum solutions. Glycerol was
selected based on the results reported by Yang and Paulson (2000), who
evaluated the effect of different plasticizers on the mechanical prop-
erties of gellan gum films, observing that glycerol-plasticized films were
more stretchable and transparent than PEG 400, sorbitol, propylene
glycol or ethylene glycol-plasticized films.

Glycerol can influence both the viscosity of the film-forming
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Fig. 1. Rheological analysis. Flow curves of GG solutions at 60 °C evaluating: A)
effect of polymer concentration on the solution viscosity and B) effect of gly-
cerol concentration on GG (2% w/V) viscosity.

solutions and the corresponding film formation process. For instance,
the addition of the plasticizer to GG solutions may lead to a decrease in
the intermolecular forces along the macromolecular chains due to its
ability to form polymer-plasticizer hydrogen bonds. Therefore, pre-
liminary experiments were carried out to study the effect of glycerol
concentration on the viscosity of 2% w/v gellan gum solutions. Flow
curves of gellan gum-glycerol mixtures at a different polymer to gly-
cerol ratio were recorded and the results reported in Fig. 1B. It can be
observed that irrespective of the amount of plasticizer used, all the
investigated mixtures showed almost the same rheological properties in
the range of shear stress from 0.01 to 1000 Pa.

Besides investigating the flow behavior of gellan gum/glycerol
mixtures, the effect of the plasticizer on the gelation process of the
polymer was also studied. To this end, the value of the storage and loss
moduli (G’ and G”) were monitored through temperature sweep mea-
surements from 60 to 37 °C to observe the relationship between the
gelation temperature and the plasticizer concentration. The gelation
point was established at the cross-over between G’ and G”, which is
indicative of a transition from sol to gel. The GG solutions exhibit a
rapid decrease in molecular mobility with a parallel increase in visc-
osity as the gelation temperature of the system was approached. The
results reported in Table 1 show that the gelation temperature slightly
shifted toward higher temperature when glycerol was added to GG
solutions with almost no differences for the different polymer-plasti-
cizer combinations analyzed. The increase of the gelation temperature
can be attributed to the interaction of the plasticizer with GG
(Sakellariou and Row, 1995). At 60 °C the precursor systems behave
like solutions, as the loss modulus, G” is higher than the corresponding
storage modulus G’. Therefore, this casting temperature was selected
considering the behavior of the viscoelastic and flow properties of
gellan gum/glycerol mixtures with temperature. 60 °C resulted a good
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Table 1
Effect of glycerol concentration on the gelation temperature of
2% (w/v) gellan gum solutions.

Glycerol (%, w/v) Gelation temperature (°C)

0 49.4 = 1.5
0.5 52.1 = 0.4
1 50.8 = 1.0
2 52.4 = 0.2
5 516 = 1.1
6 52,5 = 0.8

compromise for optimal casting of the polymeric mixtures and for the
formation of homogeneous films. At this temperature, they show suf-
ficiently low viscosity and have a liquid-like behavior, which enable
homogeneous pouring of the mixtures onto the silicon support avoiding
air bubbles incorporation. Higher temperatures were tested, but they
did not give any substantial advantage over the main properties of the
final formulations.

During the preliminary step of film formation, all the GG:Gly mix-
tures are not in a gel state, subsequently, the high surface area along
with the reduced thickness of the liquid film allow the rapid cooling of
the samples, which is the main cause for the observed sol-gel transition.
This event is defined by the inversion of the G’ and G” moduli in the
temperature sweeps graphs.

After the casting step, all the gels were dehydrated at the constant
temperature of 40 °C until polymeric films were obtained and easily
peeled off from the molds. Clear and transparent films were obtained
and easily removed from the supports. Samples were dried for 15h at
the constant temperature of 40 °C. TGA was used to monitor residual
water content in the plasticized films during the drying step. Under the
adopted operating conditions, the residual water content in the final
plasticized film was in the range of 10.0-14.5%, as observed from the
thermogravimetric curves reported in Fig. 2. Prolonging any further the
drying process brought to excessive dehydration of the films, which
resulted in poor mechanical properties, even in high-plasticized sys-
tems. In fact, besides glycerol, also the presence of water molecules
within the constrained polymeric networks increases the macro-
molecular mobility and effectively reduces the system rigidity.

Films with mean thickness values varying from 25.8 = 2.8 to
157.7 = 6.6 pm were obtained with almost a linear increase dependent
on the amount of glycerol included (Table 2). All the systems prepared
can be classified as ultra-thin films, according to a generally accepted
classification, which defines as ultra-thin films for buccal delivery all
polymeric systems having a thickness comprised in the range of
50-150 um (Karki et al., 2016). The film thickness is a major factor

W(OIW,
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Fig. 2. TGA analysis. Thermogravimetric curves of OTF containing different
amounts (% w/w) of the plasticizer glycerol.
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Table 2
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Composition of the starting polymeric solutions. Composition and thickness of the final films.

Sample Starting solutions Final films

Gellan gum (%, w/v) Glycerol (%, w/v) Weight ratio GG:Gly Glycerol (%, w/w) Total mass (mg) Thickness (um)
OTF, 2 0 1:0 0 120 25.8 + 2.8
OTFy 25 2 0.5 1:0.25 20 150 455 + 7.7
OTFo 5 2 1 1:0.5 33 180 57.5 + 4.9
OTF, 2 2 1:1 50 240 76.9 + 6.3
OTFy 5 2 3 1:1.5 60 300 93.9 + 4.8
OTF, 2 4 1:2 67 360 96.4 + 7.7
OTFy 5 2 5 1:2.5 71 420 142.5 = 10.6
OTF3 2 6 1:3 75 480 157.7 + 6.6

outlining the specific application of the designed film. However, no
requirement for this parameter is reported in the European Pharma-
copoeia, which classifies thin films only on the basis of the release rate
of the drug (European Pharmacopoeia Commission, Oromucosal
Preparations, 2014).

3.2. Mechanical properties of GG:Gly thin films

The mechanical properties of the final films were influenced by the
amount of glycerol included in the formulation. An increase in the
weight fraction of the plasticizer determined an improvement in film
flexibility as shown by the progressive reduction of Young’s modulus
(E) and the increase in the percentage of deformation at the breakpoint
(Fig. 3A). Samples containing 20% w/w of plasticizer (OTF,5) were
stiff with an E value of around 1600 MPa, whereas more elastic OTFs

were formed by including a higher concentration of glycerol in the final
formulation. Specifically, the addition of at least 33% w/w of the
plasticizer (OTF, 5) caused a significant decrease in the E value of one
order of magnitude. It is likely that large quantities of glycerol, higher
than 33% w/w, may reduce the strong interactions between GG and the
plasticizer observed in the samples OTF, 55 and OTFqs. In these for-
mulations, it may be present a “cross-linker” effect, which decreases the
free volume and the molecular mobility of the polymer, thus reducing
the flexibility of the films. On the contrary, incorporation of at least
50% w/w of glycerol within these systems, as in OTF; sample, is likely
to replace some of the gellan—gellan hydrogen bonds with glycerol-
gellan hydrogen bonds, increasing the intermolecular separation among
the polymeric chains leading to an increase in their mobility (Yang and
Paulson, 2000).

To further confirm this hypothesis, tensile tests were carried out on
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Fig. 3. Tensile properties. Mechanical properties of gellan-based OTF containing different amount of the plasticizer glycerol: A) Young’s modulus (E); B) tensile

strength; and C) elongation at break.
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each OTF sample. The films were cut and tested in three different di-
rections to evaluate whether the polymeric chains were oriented in a
specific direction. No difference was detected in the analyzed samples,
suggesting that the films were completely isotropic regarding tensile
properties (data not shown). The OTF, 5 samples displayed the higher
tensile stress value 30.0 = 4.7 MPa, and a reduction in the mechanical
strength was observed as the concentration of glycerol was increased
(Fig. 3B).

Aside from modulating the elasticity, glycerol concentration was
able to influence the film’s elongation property. Films containing the
lower content of glycerol (< 33% w/v) showed the lowest percentage
of elongation (2.8 + 1.5% OTF 55 and OTFy5 7.0 = 0.6%), which
was statistical significant (Fig. 3C). This result can be explained by the
higher rigidity of OTF 55 and OTF, 5 formulations when compared to
the more flexible film samples containing a larger amount of glycerol.

3.3. Swelling studies

All the OTFs were studied for their swelling ability. In a first at-
tempt, the swelling degree of the thin films was calculated as the ratio
between the weight of the swelled and the starting dry film. The ob-
tained results are reported in Fig. 1S of Supplementary Material. It can
be observed that all the systems reached the equilibrium of swelling in
simulated saliva (pH 6.7) within 30 min. Moreover, results in Fig. 1S
show a progressive reduction of the equilibrium Q values as the amount
of glycerol in the films was increased. However, considering the small
dimension of glycerol and its high solubility in water, it was subse-
quently evaluated whether a loss of the plasticizer may have occurred
during the swelling study. Although the OTFs prepared in this work did
not undergo any degradation process in the time frame of the swelling
study (the formulation resulted completely stable without signs of de-
gradation for at least 48 h), glycerol could diffuse toward the swelling
medium enabling water penetration within the polymeric film. Based
on this hypothesis, it was evaluated the rate of glycerol loss from the
OTFs. Films were let to swell in simulated saliva, then, at regular time
intervals, the films were removed from the swelling medium, weighed
and dried to constant weight. It was found that the plasticizer diffused
out the films almost completely within 20 min of contact with simu-
lated saliva. Importantly, the weight of the dried samples almost cor-
responded to the value expected for a film made only of gellan gum
(Fig. 2S). Therefore, an alternative equation (Eq. (2) in Materials and
Methods section) was elaborated to take into account the loss of plas-
ticizer in the swelling medium and properly evaluate the equilibrium of
swelling.

An opposite trend in the swelling capacity of the different OTFs was
observed in this case (Fig. 4). Precisely, the amount of water taken up
by the films at equilibrium increased with the percentage of glycerol
originally present in the polymeric system. Based on these data, plas-
ticized OTFs should be evaluated considering that a loss of the plasti-
cizer may occur within time, with a possible effect on the swelling rate
and the release of any drug loaded within the film. The diffusion of the
plasticizer has been ignored up to now and the swelling behaviour of
polymeric films is always calculated according to Eq. (1). This approach
can be valid only when a low amount of plasticer (< 10% w/w) is in-
cluded in the formulation. In all the other cases, the possible loss of the
plasticizer has to be taken into consideration to correctly evaluate the
behaviour of the film, when in contact with biological fluids, as well as
all the properties that depend on the amount of water penetrated within
the polymeric network.

3.4. Evaluation of the mucoadhesive properties of GG:Gly thin films

The mucoadhesive properties of GG:Gly films were evaluated in vitro
measuring the force required for detaching the films from a mucin ta-
blet. The obtained results are reported in Table 3.

A progressive reduction of the force required for detaching the OTFs
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Fig. 4. Swelling studies. Effect of glycerol content on the swelling capacity of
gellan gum-based OTFs. The black bars indicated the swelling degree (Q) cal-
culated, according to Eq. (1) as the weight ratio between the water content (W;-
Wo) and the weight of the films before swelling (Wy). W; is the weight of the
swollen film after 2h in simulated saliva at 37.0 + 0.1 °C. The grey bars in-
dicates instead the swelling capacity (Q) calculated according to Eq. (2), which
takes into account the loss of glycerol from the films. In this case, the swelling
capacity was obtained by the difference between W, and the weight of the
residual film (Wy) recovered after 2 h in simulated saliva at 37.0 = 0.1 °C and
dried to constant weight.

Table 3
Mucoadhesive properties of GG:Gly thin films.

Sample Weight ratio GG:Gly Force (N)

OTFg 55 1:0.25 0.71 * 0.03
OTFo 5 1:0.5 0.58 + 0.01
OTF, 1:1 0.13 = 0.01
OTF; 5 1:1.5 0.14 * 0.01
OTF, 5 1:2.5 0.05 + 0.01
OTF; 1:3 0.03 + 0.01

from mucin was observed when higher amounts of glycerol were in-
cluded in the formulation. In particular, a marked drop in the mu-
coadhesive properties of the films was measured for OTF; containing
equal amounts of GG and glycerol. In fact, changing the amount of
glycerol from 33% w/w (OTF; s) to 50% w/w (OTF;) caused a decrease
of the mucoadhesive force from 0.58 to 0.13 N. A further reduction was
measured in samples OTF, 5 and OTF3 containing 71 and 75% w/w of
glycerol respectively. It is likely that the excess of plasticizer prevented
the polymer from interpenetrating and interacting with mucin, thus
negatively affecting the mucoadhesive properties of the final formula-
tion.

Overall, these results suggest that an optimal amount of glycerol
should be used in the fabrication of GG-based thin films for mucosal
delivery because it affects differently two important features of the
formulation, namely the mechanical and the mucoadhesive properties.
Films containing 50% w/w of glycerol resulted to be a good compro-
mise between mechanical resistance and mucoadhesive ability.

3.5. Drug-loaded films

Glycerol-plasticized films were loaded with a BCS I model drug,
namely fluconazole. Although fluconazole is slightly soluble in water
(Dash and Elmquist, 2001), uniform distribution of the drug within GG
films was critically dependent on the amount of glycerol used. In fact,
films containing a concentration of the plasticizer lower than 70% w/w
resulted in the separation of white aggregates within the polymeric
matrix, probably due to phenomena of limited diffusion aggregation of
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Fig. 5. Morphological analysis of OTFs. Photographs of (A) low-plasticized gellan based OTF containing 50% w/w of glycerol and (B) high-plasticized films con-
taining 70% w/w of glycerol. The presence of crystals of fluconazole is well visible in the low plasticized OTFs.

the drug molecules. Specifically, this issue occurred when 0.64 mg/cm?
of fluconazole was included in the formulation. (Fig. 5).

After the drying process, all the systems showed an initial homo-
geneous appearance with no aggregates, as evidenced by visual ob-
servation and confirmed by DSC analysis. Particularly, no melting peaks
of fluconazole were observed in the corresponding thermograms (data
not shown). However, films containing an amount of glycerol <50% w/
w displayed the presence of some aggregates of fluconazole within few
days after the preparation. It was observed that fluconazole aggregation
depends on the glycerol concentration within the films. In fact, a faster
appearance of drug aggregates was observed in films with a low weight
fraction of the plasticizer, maybe because of the different ability of
fluconazole to diffuse within the differently plasticized systems. Low
mobility of the drug may cause segregation of fluconazole within drug-

rich regions of the film where local concentration may exceed its sa-
turation limit, thus causing and promoting its nucleation and crystal-
lization. This process is in accordance with the hypothesis that branch-
structured dendritic crystallization is a result of phase separation from
supersaturated states (Seif et al., 2015; Alhijjaj et al., 2015). In contrast,
a more homogeneous drug distribution could be achieved when a high
amount of the plasticizer was added to the formulation. According to
the effect of glycerol on the tensile properties of GG films, it is likely
that the inclusion of glycerol reduced the intermolecular interaction
among gellan gum chains generating a less tight matrix where fluco-
nazole could be distributed more uniformly (Fig. 6).

The presence of drug aggregates was confirmed by DSC analysis.
The thermograms reported in Fig. 7 show the presence of an en-
dothermic peak, which can be attributed to drug crystallization within

TL.OW PLLASTICIZED FIIL.M

HIGH PLLASTICIZED FII.M

Fig. 6. Schematization of drug loaded OTFs. Different drug distribution in low and high plasticized gellan based OTFs. The lines represents the polymer chains, while

the hexagons represents the drug molecules.
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Fig. 7. DSC analysis. Thermograms of free fluconazole and drug-loaded OTFs containing different amounts of glycerol. The arrow indicates exothermic processes.

the polymeric matrix. It can also be observed a shift of the melting
temperature of fluconazole toward lower values and the progressive
broadening of the peak with increasing glycerol concentrations. This
effect can be induced by the residual presence of the plasticizer within
the crystal lattice, which introduces defects in the structure during the
crystallization process. The formation of fluconazole crystals was evi-
denced by thermal analysis for concentrations of glycerol lower than
50% w/w. On the contrary, no endothermic peak of fluconazole could
be observed in films containing 50% w/w of plasticizer (sample OTF;p),
although white aggregates were well visible within the films.

It is likely that the inclusion of glycerol within fluconazole lattice
first reduces the degree of crystallinity of the drug, and then it converts
the solid into a completely amorphous structure. Similar results were
already reported for felodipine loaded thin films (Kestur and Taylor,
2010).

An alternative explanation may also be proposed for this behavior.
Specifically, taking into account the relatively large amount of glycerol
employed in the OTF; sample, the disappearance of the melting peak of
fluconazole in the DSC thermogram may be due to the dissolution of the
drug in the excess of plasticizer present in the film. In fact, dissolution
of fluconazole in glycerol may occur during the heating phase, since the
drug solubility in the plasticizer may increase with higher temperatures
leading to an absence of a melting peak for fluconazole (Kestur and
Taylor, 2010).

To test this hypothesis, we loaded an equimolar amount of fluco-
nazole and HP-B-CD within glycerol-free films. No sign of drug crys-
tallization was observed in this formulation (OTFcp), suggesting that
the solubility of the drug in glycerol may not be the correct hypothesis.
Specifically, the presence of HP-3-CD may produce a preferential lo-
calization of fluconazole in its internal cavity during the OTF formation.
This effect may prevent appreciable degrees of supersaturation, with
minimal interference in the arrangement of the polymeric chains in the
dried film. In fact, only a quite low amount of HP-B-CD (76 mg,
0.055 mmol) was used in the formulation. Thus, the observed effect is
more likely due to an altered disposition of the drug in the final film
caused by cyclodextrin, rather than to a modified interaction between
gellan gum chains.

Based on these results, high amounts of plasticizer need to be used
in the formulation of fluconazole-loaded GG-based OTFs to have a
stable and homogeneous molecular dispersion of the drug within the
polymeric matrix. In specific, at least 70% w/w of glycerol need to be
present in the final formulation to avoid any drug aggregation within
the thin film. Therefore, not less than 5% w/v of glycerol needs to be

combined with 2% w/v GG in the starting polymeric solution when
fluconazole is included in the formulation.

Based on these results, thin films containing a 71 or 75% w/w of
glycerol were loaded with fluconazole (OTF sr and OTF3g samples) and
selected for further investigation. These samples were characterized by
residual water content and tensile properties to evaluate the effect of
fluconazole on the main properties of the OTFs and investigate their
possible use as drug delivery systems. The residual water content and
the correlated tensile properties were not significantly affected by the
presence of fluconazole within the films, which showed water content,
tensile strength, Young’ modulus and elongation values at break similar
to those measured for the plain formulation (data not shown).

3.6. Release studies

After evaluation of the uniform distribution of fluconazole within
OTF,sr and OTF3p films, these samples were studied for the release
profile of the drug in simulated saliva (pH 6.7) at 37.0 + 0.1 °C using a
USP type II apparatus. The results showed almost no difference between
films containing 71 or 75% w/w of glycerol (Fig. 8). In both cases,
fluconazole was completely released from the film within 15 min, in
agreement with the results of the swelling studies, which evidenced
similar Q values for OTF, 5 and OTFs.

Release studies were also carried out on films containing HP-B-CD
(sample OTFcp). Results reported in Fig. 8 show a slightly different be-
havior between samples OTFzr and OTFcp. Both systems quantitatively
released fluconazole within 10min in simulated saliva (pH 6.7) at
37.0 = 0.1 °C. However, it can be observed that films containing HP-[3-
CD show a different and slower release profile compared with sample
OTFs, This result may suggest that, besides the appearance of the sample
OTF3r, where no signs of drug crystallization were visually observed,
some fluconazole crystallites may have been formed within the film. On
the contrary, the inclusion of HP-B-CD affected drug organization within
the polymeric network and contributed to maintain the drug dispersed
and molecularly separated, avoiding drug nucleation and allowing
slower diffusion of fluconazole from the films. Therefore, it may be ex-
pected that drug aggregation and its consequent phase separation may
occur even in GG-based OTF plasticized with a high weight fraction of
glycerol. In fact, considering that the diffusion-limited aggregation is a
kinetic-based phenomenon, aging of the films may lead to drug crystal-
lization within the polymeric network. These results further corroborated
the hypothesis that the inclusion of cyclodextrins may have altered flu-
conazole distribution within the polymeric network.
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Fig. 8. Release studies. Release profile of fluconazole from OTF; sz, OTF3; and
OTF¢p in simulated saliva (pH 6.7) at 37.0 = 0.1°C.

4. Conclusions

In this work, the potential of gellan gum thin films for drug delivery
was investigated. The addition of a plasticizer was required to improve
the poor mechanical properties of the polymer formulated as a thin
film. It was observed that, while the low amounts of the plasticizer
glycerol (<50% w/w) were sufficient to increase the resistance and
strength before rupture of the films, they resulted to be completely
inadequate for drug delivery applications. In fact, much higher per-
centages of glycerol (>70% w/w) were needed to homogeneously in-
clude the model drug fluconazole within the polymeric matrix avoiding
drug nucleation and crystallization phenomena. However, the inclusion
of high amounts of glycerol in the formulation impaired some im-
portant properties of the films as drug delivery vehicles, as they inter-
fere with the ability of GG of interacting with mucin, and negatively
influence the mucoadhesive properties of the films. Therefore, besides
the interesting characteristics of GG for the development of thin films
with potential application in the field of drug delivery, further ap-
proaches need to be investigated for the optimal inclusion of drugs
within this polymeric network.

An interesting strategy may be represented by the use of a func-
tional excipient, such as cyclodextrins, which should help maintaining
low amount of plasticizer avoiding problems related to drug solubility
and crystallization.
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Figure S1. Dynamic swelling study. Evaluation of the variation of the swelling capacity over time
for the gellan gum-based OTFs, containing different amount of the plasticizer glycerol.
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Figure S2. Composition of OTFs. Analysis of the composition of the OTFs recovered after 2 h in
simulated saliva (pH= 6.7) at 37.020.1 °C and dried to constant weight.
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